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Noncompetitive  CE  aptamer  assays  were  developed  for  thrombin  and  IgE. 
Buffer  and  pH  effects  were  investigated  to  determine  the  effect  on  complex  formation 
and  detection.  In  comparison  to  phosphate  and  MOPS  buffers,  larger  complexes  were 
detected  using  a tris(hydroxyamino)methane,  glycine,  and  potassium  phosphate  (TGK) 
pH  8.4  buffer.  Good  resolution  between  the  complex  and  free  peaks  was  achieved  in  the 
TGK  buffer  for  the  IgE  aptamer  assay;  however,  bridging  between  the  complex  and  free 
peaks  was  observed  for  the  assay  using  the  lower  affinity  thrombin  aptamer.  Detection 
limits  for  the  thrombin  and  IgE  aptamer  complexes  were  determined  in  TGK  as  70  nM 
and  5 nM  respectively.  Other  separation  parameters  such  as  electric  field  strength  and 
column  time  were  investigated.  The  time  on  the  column  was  shown  to  affect  the  amount 
of  complex  detected;  however,  electric  fields  in  the  range  of  125-600  V/cm  showed  no 
adverse  effects  on  the  complex. 
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A DNA  aptamer,  initially  selected  for  ATP,  was  characterized  for  use  as  an  affinity 
stationary  phase.  Using  affinity  capillary  electrophoresis  (ACE),  binding  constants  for 
this  aptamer  were  determined  for  various  adenosine  containing  molecules  such  as  AMP, 
ADP,  and  ATP.  Dissociation  constants  (Kd)  of  the  DNA-ligand  complex  were  found  to 
be  similar  for  adenosine  and  ADP  but  differed  from  AMP  or  ATP.  Separation  parameters 
such  as  pH,  temperature,  and  salt  concentration  were  optimized  in  order  to  maximize  the 
precision  and  minimize  the  error  in  the  electrophoretic  mobility  and  binding  constant 
measurements. 

Using  ACE  the  binding  of  another  ATP  selective  DNA  aptamer  containing  a non- 
naturally  occurring  positively  charged  nucleotide,  5-(3"-aminopropynyl)-2'-deoxyuridine 
(J),  was  investigated.  The  modified  nucleotide  “J”  was  incorporated  into  the  aptamer  in 
order  to  enrich  the  diversity  of  the  initial  aptamer  selection  pool  as  well  as  possibly 
enhance  the  binding  affinity  of  the  aptamer  with  the  ATP  ligand.  The  binding  constant  of 
the  J-base  aptamer  (120  pM)  was  determined  and  compared  to  that  of  the  previously 
characterized  standard  nucleotide  ATP  aptamer  (133  pM).  No  enrichment  in  binding  was 
measured  with  the  modified  base  aptamer.  With  improvements  in  aptamer  selections  and 
further  development  of  non-standard  nucleotides,  aptamer  diversity  and  functionality  will 
continue  to  be  enriched  increasing  aptamer  applicability  for  analytical  diagnostic  tools. 
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CHAPTER  1 
INTRODUCTION 

Affinity  Assays 

Affinity  assays  are  selective,  highly  sensitive  tools  used  to  quantitate  trace  levels 
of  analytes  in  complex  mixtures.  A tracer  molecule  or  affinity  probe  is  necessary  to 
interact  with  the  analyte  and  provide  a means  of  detection.  By  incorporating  fluorescent, 
chemiluminescent,  enzyme  or  radioactive  labels  to  the  affinity  probe,  the  sensitivity  of 
the  affinity  assay  is  increased,  and  by  utilizing  specific  interactions  such  as  an  antibody- 
antigen  interaction,  the  selectivity  of  affinity  assays  is  enhanced.  Immunoassays  are  the 
most  commonly  employed  affinity  assays  in  which  the  interaction  between  an  antigen 
and  its  specific  antibody  is  utilized.  Traditional  immunoassay  techniques  such  as  the 
enzyme-linked  immunosorbent  assay  (ELISA)  are  laborious  and  time  consuming  and 
typically  only  a single  target  molecule  can  be  analyzed.  Simultaneous,  multi-analyte 
analysis  is  possible  by  coupling  immunoassays  with  separation  methods  such  as  capillary 
electrophoresis  (CE).  Because  of  the  speed  and  sensitivity  associated  with  CE 
separations,  rapid  affinity  assays  with  low  detection  limits  have  been  developed. 
However,  immunoassays  can  be  difficult  to  develop  so  alternatives  to  the  capillary 
electrophoretic  immunoassay  (CEIA)  are  necessary.  With  this  work  alternatives  to 
CEIA’s  have  been  explored  in  hopes  of  developing  new  analytical  diagnostic  tools. 

Immunoassays 

Immunoassays  are  affinity  assays  that  utilize  the  interaction  between  an  antigen 
and  its  specific  antibody.  An  antigen  is  any  substance  that  elicits  an  immune  response 
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from  its  host.  An  antibody  is  a protein  known  as  an  immunoglobulin  produced  by  the 
immune  system  in  response  to  an  antigen.  Antibodies  are  large  proteins  in  which  the 
antibody  binding  site  is  referred  to  as  the  paratope.  The  complimentary  binding  area  on 
the  antigen  is  the  epitope.  The  specific  binding  of  the  epitope  and  paratope  regions 
provides  the  selective  interaction  utilized  in  immunoassays. 

Because  of  the  selective  antibody-antigen  interaction  as  well  as  low  limits  of 
detection  and  applicability  to  a wide  range  of  target  analytes,  immunoassays  are 
commonly  employed  for  clinical,  biopharmaceutical,  and  environmental  applications 
(Hage,  1993).  In  comparison  to  traditional  chemical  staining  detection  methods,  coupling 
labeling  techniques  such  as  radioactivity,  fluorescence,  chemiluminescence,  and  enzyme 
amplification  with  immunoassays,  the  sensitivity  of  the  method  is  increased  enabling  the 
quantitation  of  trace  analytes  in  complex  mixtures  (Bao,  1 997).  Commonly  employed 
immunoassays  include  the  radioimmunoassay  (RIA)  in  which  a radioactive  label  is  bound 
to  the  antigen  and  is  used  for  quantitation,  and  the  enzyme-linked  immunosorbent  assay 
(ELISA),  in  which  the  antibody  or  antigen  is  immobilized  on  a solid  support  such  as  a 
microtiter  plate.  For  example,  an  ELISA  experiment  could  employ  an  immobilized 
antibody.  As  a solution  containing  the  antigen  of  interest  is  washed  across  the  plate,  the 
antigen  binds  with  the  immobilized  antibody  and  is  captured.  Another  antibody  with  an 
enzyme  label  is  then  added  and  binds  with  the  captured  antigen.  By  measuring  the 
activity  of  the  enzyme  conjugated  to  the  antibody  the  concentration  of  the  antigen  can  be 
quantitated. 

Though  immunoassays  offer  low  limits  of  detection  and  parallel  analysis  of 
multiple  analytes,  conventional  immunoassay  techniques  are  tedious  and  time  consuming 
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due  to  long  incubation  and  rinse  times.  Other  disadvantages  of  immunoassays  such  as 
ELISA  include  slow  reaction  kinetics  between  immobilized  antibodies  and  antigens,  poor 
reproducibility  in  immobilization  of  the  antibodies  or  antigens,  as  well  as  non-specific 
binding  of  reactants  to  the  solid  support  (Bao,  1 997).  The  radioactive  labels  used  in  RIA 
raise  environmental  concerns,  as  care  must  be  taken  in  the  use  and  disposal  of  all 
radioactive  reagents.  Also  when  coupling  a gel  electrophoresis  separation  with  an 
immunoassay,  the  electric  field  necessary  to  drive  the  separation  creates  a current  and 
subsequently  heating  the  gel  bed  that  can  be  detrimental  to  analytes.  Typically  low 
electric  fields  are  applied  to  minimize  the  current  and  dissipate  the  heat  produced  in  the 
gels;  however,  with  lower  electric  fields,  analysis  times  are  increased  ranging  from  hours 
to  days. 

Capillary  Electrophoresis 

Capillary  electrophoresis  is  an  analytical  technique  used  to  separate  charged 
analytes  such  as  proteins,  peptides,  and  oligonucleotides  with  high  efficiency  and 
sensitivity.  Typically  separations  are  performed  within  fused  silica  capillaries  with  inner 
diameters  of  5-100  pm  and  lengths  from  10-100  cm.  Because  of  the  small  cross-section 
of  the  capillary,  smaller  sample  volumes  are  used  for  detection  and  larger  electric  fields 
may  be  employed.  With  conventional  electrophoresis  methods  such  as  gel 
electrophoresis,  the  applied  electric  field  generates  large  currents  and  heating  of  the 
capillary  bed.  However,  the  large  electrical  resistance  of  capillaries  as  well  as  their  small 
cross-sections  reduces  the  current  and  subsequent  heating.  Typically  this  heating 
phenomenon  or  Joule  heating  is  minimal  if  the  power  generated  at  the  capillary  surface  is 
below  0.01  W/cm.  Compared  to  gel  electrophoresis,  the  larger  electrical  fields  employed 
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with  capillary  electrophoretic  separations  reduce  the  separation  and  total  analysis  time 
from  hours  to  minutes.  Also  the  flat  flow  profile  of  CE  separations  (generated  from  the 
electroosmotic  flow  induced  in  the  capillary)  does  not  contribute  to  broadening  of  the 
analyte  zones  therefore  increasing  peak  efficiencies  compared  to  other  separation 
methods  such  as  liquid  chromatography. 

Several  modes  of  CE  have  been  developed  to  expand  the  technique  for  varying 
types  of  analytes  and  applications.  The  simplest  and  most  commonly  used  mode  is 
capillary  zone  electrophoresis  (CZE).  Other  CE  modes  include  micellar  electrokinetic 
capillary  chromatography  (MEK.C),  which  is  a valuable  technique  for  separating  neutral 
and  ionic  analytes  (Mazzeo,  1997),  capillary  isoelectric  focusing  (cIEF)  in  which  analytes 
such  as  proteins  are  separated  according  to  their  isoelectric  points  (Rodriguez-Diaz  et  al., 
1997),  and  capillary  electrochromatography  (CEC)  which  incorporates  the  resolving 
power  of  CE  with  solid  stationary  phases  (Dermaux  and  Sandra,  1 999).  In  this  research 
CZE,  affinity  capillary  electrophoresis  (ACE),  which  separates  analytes  based  on  their 
binding  with  specific  ligands,  and  capillary  gel  electrophoresis  (CGE),  which  is  valuable 
for  analytes  such  as  oligonucleotides  which  have  similar  charge  to  mass  ratios,  were 
employed. 

Capillary  Zone  Electrophoresis 

Capillary  zone  electrophoresis  (CZE)  is  the  simplest  and  most  widely  used  mode 
of  CE  separation.  Typically  the  capillary  is  filled  with  electrophoresis  buffer  and 
analytes  are  injected  onto  the  column  via  hydrodynamic  or  electrokinetic  means. 
Separation  voltages  range  from  1-30  kV  with  electric  fields  in  the  range  of  300  V/cm  to 
1200  V/cm.  The  electrophoretic  separation  is  dependent  on  the  inherent  electrophoretic 
mobilities  of  the  analytes  and  the  electroosmotic  flow  within  the  capillary.  The 
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electrophoretic  mobility  (p)  of  a molecule  is  a function  of  its  charge  and  Stokes  radius  as 
expressed  by  the  following  equation: 


^ = 7 — 0-3) 

o/rr/r 

where  q is  the  charge  of  the  molecule,  r|  is  the  viscosity  of  the  electrophoresis  buffer,  and 
r is  the  Stokes  radius  of  the  analyte.  The  molecular  mass  of  the  analyte  (MW)  can  be 
related  to  the  Stokes  radius  by  the  following  relationship: 


MW  = |^r3V  (1.4) 

in  which  V is  the  volume  of  the  solute.  The  electrophoretic  mobility  of  the  analyte  may 
than  be  approximated  as: 

(1.5) 

MW3 


Electrophoretic  mobility  is  specific  for  each  molecule;  however,  electroosmotic 
flow  (EOF)  is  a nonselective  mode  of  fluid  transport  within  the  capillary.  Typically  at 
higher  pHs,  bare,  fused  silica  capillary  walls  become  negatively  charged  as  silanol  groups 
on  the  surface  are  deprotonated.  The  negatively  charged  walls  induce  the  formation  of  a 
double  layer  at  the  interface  adjacent  to  the  stagnant  double  layer.  Under  the  influence  of 
the  applied  electric  field,  mobile  cations  from  the  electrophoresis  buffer  migrate  towards 
the  cathode,  pulling  solvent  molecules  in  the  same  direction.  The  flat  flow  profile  for  CE 
is  generated  from  the  electroosmotic  flow  induced  in  the  capillary,  as  the  flow  is 
prevalent  around  the  capillary  walls  and  reduces  band  broadening.  The  EOF  within  the 
capillary  is  often  10-100  times  stronger  than  the  electrophoretic  mobility  of  an  analyte 
and  is  advantageous  in  separating  negatively  charged  analytes.  For  most  CE  separations 
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analytes  are  injected  at  the  anode  and  migrate  toward  the  cathode  or  more  negative 
electrode.  However,  anions  with  their  inherent  negative  electrophoretic  mobilities 
migrate  towards  the  anode  and  would  remain  undetected  if  not  for  the  EOF  in  the 
capillary  which  pushes  them  towards  the  detector. 

Affinity  Capillary  Electrophoresis 

Affinity  capillary  electrophoresis  (ACE)  utilizes  the  change  in  electrophoretic 
mobility  of  an  analyte  upon  binding  with  a ligand  as  the  separation  criteria.  ACE 
measurements  incorporate  the  ligand  into  the  electrophoresis  buffer,  and  the  analyte  binds 
with  the  ligand  during  the  electrophoretic  separation.  By  monitoring  the  change  in 
electrophoretic  mobility  of  the  analyte  with  the  changing  ligand  concentration,  binding 
affinities  and  stoichiometries  for  a receptor-ligand  system  may  be  determined  (Heegaard 
and  Kennedy,  1 999).  ACE  has  been  used  to  characterize  interactions  such  as  peptide- 
peptide  binding  (Gomez  et  al.,  1 994),  metal-protein  interactions  (Heegaard  and  Robey, 
1993),  and  sugar-protein  binding  (Honda  et  al.,  1992).  For  this  work,  ACE  was 
employed  to  determine  binding  constants  for  oligonucleotide-nucleotide  complexes. 
Capillary  Gel  Electrophoresis 

Capillary  gel  electrophoresis  (CGE)  is  a valuable  technique  for  separating 
molecules  such  as  large  oligonucleotides  and  proteins,  which  have  similar  charge  to  mass 
ratios  but  differ  in  molecular  size.  Some  of  the  first  examples  of  CGE  employed 
polyacrylamide  crosslinked  polymer  gels  similar  to  those  used  for  gel  electrophoresis 
methods  (Zagursky  and  McCormick,  1990;  Luckey  et  al.,  1990;  Swerdlow  et  al.,  1991). 
Crosslinked  polyacrylamide  gels  have  been  used  to  separate  small  DNA  fragments  for 
sequencing  applications  (Swerdlow  and  Gesteland,  1 990;  Cohen  et  al.,  1 990);  however, 
these  gels  are  cumbersome  and  have  limited  stability  in  which  bubble  formation  and 
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clogged  gel  pores  commonly  occur  during  electrophoretic  separations  (Sunada  and 
Blanch,  1997).  CE  separations  employing  replaceable  polymer  solutions  have  been 
developed  as  alternatives  to  crosslinked  gels.  Polymers  such  as  polyacrylamide  (Chiari  et 
ai,  1992),  poly(ethyleneoxide)  (PEO)  (Fung  and  Yeung,  1995),  cellulose  derivatives 
(Barron  et  al.,  1993),  agarose  (Kleparm'k  et  al.,  1993),  and  dextran  (Ganzler  et  al.,  1992) 
have  been  used  for  separating  DNA  fragments  as  well  as  SDS  (sodium  dodecyl  sulfate)- 
protein  complexes.  By  varying  the  polymer  used,  as  well  as  the  concentration  and  the 
molecular  weight  of  the  polymer,  CGE  separations  can  be  employed  for  separating 
various  analytes  such  as  double  stranded  DNA,  restriction  fragments,  oligonucleotides, 
and  denatured  proteins  (Gelfi  et  ai,  1996;  Barry  et  al.,  1996;  Butler  et  al.,  1994;  Benedek 
and  Guttman,  1994). 

Instrumentation 

Figure  1-1  shows  typical  CE  instrumentation  in  which  fused  silica  capillaries  with 
inner  diameters  of  5-100  pm  are  employed  for  electrophoretic  separations.  The  ends  of 
the  capillary  are  placed  within  two  buffer  reservoirs  (an  inlet  and  outlet)  which  contain 
two  electrodes  that  provide  a connection  between  the  capillary  and  the  high  voltage 
power  supply  (0-30  kV).  After  the  capillary  is  filled  with  the  separation  buffer,  samples 
are  introduced  onto  the  capillary  via  a pressure  (hydrodynamic)  or  electrokinetic 
injection.  To  perform  the  separation,  high  voltage  is  applied  across  the  capillary,  and 
analytes  migrate  towards  the  opposite  electrode.  Analyte  migration  is  a function  of  the 
mode  of  CE  being  employed;  for  example  in  traditional  CZE  positively  charged  analytes 
(cations)  will  be  detected  first,  followed  by  unresolved  neutrals,  and  then  anionic 
(negatively  charged)  analytes.  For  detection,  a small  region  of  the  polyimide  coating 
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used  to  fortify  the  capillary  must  be  removed  to  provide  an  optical  path.  Common  online 
CE  detection  methods  include  ultraviolet  (UV)  absorbance  and  laser  induced 
fluorescence  (LIF). 

Detection 

Absorbance 

Absorbance  detection  is  the  most  common  mode  of  detection  employed  for  CE 
separations.  Typically  most  compounds  absorb  in  some  region  of  the  UV  spectrum; 
therefore,  derivatization  is  not  necessary  for  detection.  However,  the  small  optical 
pathlengths  of  capillaries  result  in  small  absorbances.  Lengthening  the  absorbance 
pathlength  can  increase  the  sensitivity  of  the  method.  Rectangular  capillaries  (Tsuda  et 
al.,  1990),  Z-shaped  flow  cells  (Chervet  et  al.,  1990),  multi-reflection  cells  (Wang  et  al., 
1991),  and  bubble  cell  capillaries  (Xue  and  Yeung,  1994)  have  been  used  to  increase  the 
capillary  optical  pathlength.  However,  all  these  methods  can  contribute  to  increases  in 
detector  variance  and  reduce  the  resolution  and  efficiency  of  the  separation. 

Laser  Induced  Fluorescence 

Laser  induced  fluorescence  (LIF)  is  one  of  the  most  sensitive  detection  modes  for 
CE  separations.  Concentration  detection  limits  of  10‘13  M (Timperman  et  al.,  1995)  have 
been  reported  with  mass  limits  of  detection  of  yoctomoles  (Chen  et  al.,  1994)  as  well  as 
single  molecule  detection  (Lee  et  al.,  1994).  Commonly  a microscope  objective  with  a 
high  numerical  aperature  objective  is  employed  for  collection  of  the  fluorescence 
emission.  Other  optical  collection  schemes  include  the  use  of  a parabolic  reflector  in 
which  a collection  efficiency  approaching  50%  has  been  reported  (Pentoney  et  al.,  1992). 

This  work  employed  a commercial  CE  apparatus  developed  by  Beckman-Coulter 
(Fullerton,  CA)  which  uses  a similar  collection  scheme  (Figure  1-2)  as  that  developed  by 
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Pentoney,  et  al.  (1992).  Excitation  light  from  the  laser  (488  nm  line  of  a Argon  ion  laser) 
is  focused  onto  the  capillary  window  via  a fiber  optic.  Once  fluorescent  analytes  within 
the  capillary  are  excited,  the  fluorescence  emission  is  scattered,  collected,  and  reflected 
by  the  ellipsoidal  reflector  towards  a mirror  and  onto  a bandpass  filter.  For  this 
instrument  a 520  nm  bandpass  filter  (optimized  for  the  emission  of  fluorescein  dyes)  is 
used  to  remove  any  excess  excitation  light  but  pass  the  fluorescence  emission  onto  the 
PMT  for  detection. 

Most  analytes  are  not  natively  fluorescent;  therefore  derivatization  with 
fluorophores  is  a necessity  for  LIF  detection.  Common  derivatization  reagents  for 
oligonucleotides  include  fluorescein  derivatives  such  as  fluorescein  isothiocyanate 
(FITC),  tetramethylrhodamine  (TMR)  and  its  carboxylic  acid  (TAMRA),  carboxy-X- 
rhodamine  (ROX),  and  water-soluble  cyanine  dyes  such  as  Cy3  and  Cy5.  Facile  labeling 
of  oligonucleotides  with  an  array  of  chemical  fluorophores  is  possible  due  to 
commercially  available  automated  synthesis  techniques. 

Capillary  Electrophoresis  Immunoassays 

Capillary  electrophoresis  immunoassays  (CEIA)  have  emerged  as  alternatives  to 
conventional  affinity  assays  such  as  ELISA.  Advantages  of  CEIA  versus  conventional 
immunoassays  include  the  following:  rapid  analysis  times,  less  sample  and  reagent 
consumption,  automation,  and  simultaneous  determination  of  multiple  analytes  (Bao, 
1997).  By  coupling  LIF  detection  with  CEIA,  low  mass  detection  limits  are  possible; 
however,  the  concentration  detection  limits  of  CEIA  are  similar  to  conventional  assays. 
High  throughput  assays  are  essential  for  analyzing  large  batches  of  analytes 
simultaneously,  but  CE  is  a serial  method  limiting  the  throughput  of  the  technique. 
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Multiplexing  capillaries  and  micro  fluidic  devices  are  two  methods  that  can  increase  the 
throughput  of  CE  immunaossays  (Zhang  et  al.,  1999;  Cheng  et  al.,  2001). 

Two  types  of  immunoassays  may  be  performed,  competitive  and  noncompetitive 
assays.  Figure  1-3  depicts  the  competitive  CEIA  in  which  the  antigen  (Ag)  of  interest  is 
mixed  with  a known  concentration  of  its  labeled  form  (Ag*)  and  they  compete  to  bind 
with  a limited  concentration  of  corresponding  antibody  (Ab).  Two  zones  are  separated 
and  detected,  the  free  labeled  Ag*  and  the  fluorescently  labeled  Ab-Ag*  complex.  Upon 
addition  of  Ag,  the  ratios  of  the  bound  and  free  will  change  as  the  unlabeled  antigen 
competes  with  the  labeled  antigen.  At  low  concentrations  of  Ag,  the  labeled  complex  is 
large  and  a small  Ag*  peak  will  be  detected,  and  at  high  concentrations  of  Ag,  Ab-Ag* 
will  be  small  whereas  the  Ag*  peak  will  be  large.  The  increase  in  the  signal  of  Ag*,  the 
decrease  in  the  signal  of  Ab-Ag*,  or  the  bound  to  free  ratio  (Ab-Ag*/Ag*)  can  be  used  to 
indirectly  quantitate  the  Ag  in  a sample. 

In  contrast  the  noncompetitive  assay  (Figure  1-4)  incorporates  a labeled  antibody 
(Ab*)  to  react  with  Ag.  In  this  case  the  antigen  may  be  quantitated  directly  by  measuring 
the  Ab*-Ag  complex  which  is  separated  from  the  free  Ab*.  Noncompetitive  assays  offer 
several  advantages  to  competitive  assays  including  larger  linear  dynamic  ranges,  lower 
detection  limits,  and  direct  quantitation  of  the  complex.  In  some  instances  antibodies 
form  complexes  with  other  analytes  besides  the  antigen  especially  when  the  antibody 
specificity  is  weak;  however,  noncompetitive  assays  have  the  ability  to  distinguish 
between  cross-reactive  species.  Since  Ab*  is  employed  for  the  assay,  all  complexes  will 
be  labeled  and  may  be  detected  after  separation.  However,  developing  noncompetitive 
immunoassays  can  be  problematic  since  antibodies  are  difficult  to  fluorescently  label  and 
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separating  the  free  Ab*  and  Ab*-Ag  complex  may  be  difficult  due  to  the  small 
differences  in  electrophoretic  mobilities.  The  two  types  of  affinity  assays  are  compared 
in  the  following  tables. 

Table  1-1  Advantages  of  noncompetitive  and  competitive  affinity  assays. 


Noncompetitive 

Competitive 

Increased  linear  dynamic  range 

Simpler  separation  of  Ag*  from 
Ab-Ag* 

Detect  cross-reactivity 

Facile  labeling  of  Ag 

Lower  limits  of  detection 

Table  1-2  Disadvantages  of  noncompetitive  and  competitive  affinity  assays. 


Noncompetitive 

Competitive 

Difficult  to  label  Ab 

Non-linear  calibration 

Separating  Ab*  and  Ab*-Ag  is 
difficult 

Slower  binding  kinetics 

Undetected  cross-reactivity 

Competitive  CE  Immunoassays 

Because  of  the  ease  of  implementation,  most  CE  immunoassays  that  have  been 
developed  employ  the  competitive  format.  Competitive  CEIA  is  advantageous  for  small 
analytes  such  as  peptides  and  low  molecular  weight  organic  molecules  in  which  the 
electrophoretic  mobility  difference  between  the  antibody-antigen  complex  and  the  free 
antibody  is  small  (Schmalzing  and  Nashabeh,  1 997).  The  first  reported  competitive 
CEIA  was  developed  for  insulin  in  which  an  antibody  fragment  for  insulin  was  employed 
(Schultz  and  Kennedy,  1993).  Insulin  was  labeled  with  fluorescein;  however,  insulin  has 
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two  labeling  sites  and  HPLC  purification  was  necessary  to  separate  the  labeled  species 
before  incorporation  into  CEIA.  Separations  were  accomplished  in  less  than  3 min  when 
employing  an  electric  field  of  500  V/cm.  A limit  of  detection  for  insulin  was  reported  as 
3 nM  or  420  zmol  injected.  This  immunoassay  was  then  incorporated  to  measure  the 
insulin  content  of  single  islets  of  Langerhans  as  well  as  insulin  secretion  from  single 
islets  (Schultz  et  al.,  1995). 

Continuous  on-line  monitoring  of  insulin  secretion  from  single  islets  was 
developed  with  further  optimization  of  the  competitive  insulin  CEIA  and  employing  flow 
injection  analysis  (Tao  and  Kennedy,  1996).  The  capillary  (5  pm  i.d.)  effective  length 
was  8 mm  and  a high  electric  field  (4000  V/cm)  was  used  for  the  separation.  The 
complex  and  free  (Ab-Ag*  and  Ag*)  were  separated  in  Is  and  1600  consecutive 
electropherograms  could  be  collected  before  rinsing  the  capillary  suggesting  this  system 
could  be  automated  for  high  throughput  analysis.  The  detection  limit  for  the  assay  was 
reported  as  270  pM  with  a mass  detection  limit  of  430  zmol. 

Competitive  CE  immunoassays  have  also  been  developed  for  determining 
analytes  in  complex  matrices  such  as  serum  and  urine.  Schmalzing,  et  al.  (1995) 
developed  a CE-LIF  immunoassay  for  cortisol,  a steroid  hormone,  employing  a Fab 
fragment  of  the  antibody  and  fluorescently  labeling  cortisol  with  fluorescein.  When 
quantitated  in  human  serum,  cortisol  levels  can  provide  diagnostic  information  about 
adrenal  malfunction.  No  sample  cleanup  was  necessary  to  determine  the  cortisol  levels  in 
the  serum  and  detection  was  possible  within  the  clinically  relevant  range  (30-1700  nM) 
for  diagnostic  purposes  (Schmalzing  et  al.,  1995).  Also  demonstrating  the  utility  of 
CEIA  for  complex  matrices,  Chen  and  Evangelista  (1994)  developed  an  assay  to 
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simultaneously  determine  two  drugs  in  urine,  morphine  and  PCP.  For  this  assay,  the 
antigens  morphine  and  PCP  were  labeled  with  the  water-soluble  cyanine  dyes  Cy  5 and 
Cy  5.5  respectively.  The  two  complexes  were  found  to  co-elute;  however,  it  was  possible 
to  use  the  change  in  the  free  antigen  (Ag*)  concentration  to  quantitate  the  levels  of  the 
drug  found  in  urine  samples.  Separation  times  were  under  5 minutes  with  reported  limits 
of  detection  of  4 nM  for  PCP  and  40  nM  for  morphine.  Furthering  the  utility  of  the 
competitive  CEIA  for  diagnostics,  assays  have  been  developed  for  antigens  such  as 

• • cr 

scrapie  protein  (PrP  ),  cyclosporin  A,  and  staphylococcal  enterotoxin  A (SEA) 

(Schmerr  and  Jenny,  1998;  Ye  et  al.,  1998;  Lam  et  al.,  1999) 

Noncompetitive  CE  Immunoassays 

Noncompetitive  CEIA  or  affinity  probe  capillary  electrophoresis  (APCE)  is  a 
direct  method  for  quantitating  an  antigen  or  antibody  of  interest  (Shimura  and  Karger, 
1994).  For  quantitating  an  antigen,  the  antibody  is  labeled  with  a fluorophore  (Ab*)  and 
is  added  in  excess  to  the  antigen  (Ag).  After  formation  of  the  antibody-antigen  complex 
(Ab*-Ag)  and  injection  onto  the  separation  capillary,  two  zones  are  separated  the  labeled 
Ab*-Ag  complex  and  the  free  Ab*.  The  noncompetitive  CE  assay  directly  quantitates  Ag 
by  measuring  the  amount  of  complex  formed  or  the  decrease  in  the  free  Ab*.  Antibodies 
may  also  be  detected  via  a noncompetitive  CEIA  by  incorporating  a labeled  Ag*  as  the 
affinity  probe. 

Considerable  work  has  been  published  demonstrating  the  use  of  noncompetitive 
CE  assays  for  detecting  antibodies.  To  demonstrate  the  concept  of  employing  CZE-LIF 
for  noncompetitive  immunoassays,  FITC-insulin  (Ag*)  was  used  to  determine  anti- 
insulin (Ab)  with  a 3 min  separation  in  which  a concentration  detection  limit  of  2 nM  and 
a mass  detection  limit  of  280  zmol  was  reported  (Schultz  and  Kennedy,  1993).  By 
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doubling  the  electric  field  strength  from  500  V/cm  to  1000  V/cm  the  separation  time  was 
reduced  to  1 min.  This  reduction  in  separation  time  is  especially  advantageous  for 
investigating  antibodies  with  weak  affinities  for  an  antigen.  With  long  separation  times, 
a weaker  antibody-antigen  complex  may  dissociate  affecting  detection  and  quantitation  of 
the  assay.  In  other  applications,  noncompetitive  CEIA  was  used  to  screen  antibodies  for 
a specific  antigen  (morphine)  (Envagelista  and  Chen,  1994).  Four  commercially 
available  antibodies  were  screened  for  affinity  with  a morphine-Cy  5 conjugate.  Three 
were  found  to  have  low  or  no  affinity  with  the  antigen.  The  antibody  with  the  highest 
affinity  was  then  screened  for  cross-reactivity  with  opiate  derivatives  in  which  morphine 
based  opiates  showed  varying  affinity  for  the  antibody.  This  assay  demonstrates  the 
ability  of  noncompetitive  CEIA  to  evaluate  antibodies  for  incorporation  into  analytical 
applications. 

To  demonstrate  the  use  of  labeled  antibodies  (Ab*)  for  determining  analytes,  a 
noncompetitive  CE  assay  was  developed  for  human  growth  hormone  (hGH)  (Shimura 
and  Karger,  1 994).  In  this  report,  tetramethylrhodamine-iodacetamide  was  employed  to 
label  an  antibody  fragment  of  anti-hGH.  With  this  fluorophore  a thiol  group  in  a hinge 
region  of  the  anibody  was  labeled  ensuring  the  binding  site  of  the  antibody  was  not 
hindered.  Capillary  isoelectric  foucusing  (cIEF)  was  employed  to  separate  the  Ab*-Ag 
complex  from  the  free  Ab*.  In  comparison  to  CZE,  a 100-fold  enhancement  of  the 
detection  limit  was  predicted  by  employing  cIEF  as  the  sample  zones  were  concentrated 
and  separated  simultaneously.  The  assay  was  linear  over  three  orders  of  magnitude  for 
the  antigen  and  a detection  limit  of  0. 1 ng/mL  (5  pM)  was  reported.  An  advantage  of 
noncompetitive  assays  is  the  ability  to  distinguish  between  cross-reactive  species,  as  each 


15 

antigen  should  form  an  individual  complex  with  the  labeled  antibody.  With  this  assay, 
Ab*  was  incubated  with  three  variants  of  hGH,  and  three  well  resolved  complexes  were 
observed  upon  separation  demonstrating  the  detection  of  cross-reactive  species. 

Upon  binding  with  small  antigens,  separating  the  free  Ab*  and  Ab*-Ag  complex 
may  be  difficult  due  to  small  changes  in  the  electrophoretic  mobility  of  Ab*.  To  improve 
the  use  of  antibodies  for  noncompetitive  assays,  adding  “shift  ligands”  to  the  separation 
buffer  have  been  investigated  (Tim  et  al.,  2000).  A shift  ligand  is  a charged  competitive 
ligand  that  binds  Ab*  with  weak  affinity  increasing  the  electrophoretic  mobility  of  Ab*. 
Tim  et  al.  (2000)  developed  a noncompetitive  CE-LIF  assay  for  human  carbonic 
anhydrase  II  (HCAII).  The  HCAII  was  labeled  with  5-iodoacetamidofluorescein  (54AF) 
and  binds  selectively  with  the  drug  dorzolamide  (Dz)  (Kd  = 0.6  nM).  When  the  labeled 
HCAII  was  mixed  with  Dz,  the  HCAII-Dz  complex  was  formed  but  co-migrated  with  the 
free  HCAII.  The  sulfonamide  para-carboxybenzenesulfonamide  (p-CBS)  was  added  to 
the  separation  buffer  to  bind  with  the  free  HCAII  (Kd  in  the  low  micromolar  range). 

Upon  binding  with  the  negatively  charged  p-CBS,  the  free  HCAII  peak  was  shifted  and 
migrated  faster  than  before.  When  Dz  and  HCAII  were  incubated  together,  the  HCAII- 
Dz  complex  was  formed  and  the  weaker  shift  ligand  (p-CBS)  was  effectively  blocked 
from  binding  with  the  complexed  antibody.  However,  the  excess  HCAII  reacted  with  the 
p-CBS  in  the  separation  buffer  increasing  the  resolution  of  the  free  HCAII  and  the 
HCAII-Dz  complex.  This  APCE  method  was  employed  to  determine  Dz  concentrations 
in  aqueous,  urine,  and  plasma  samples.  Limits  of  detection  were  reported  as  16  pM  in 
aqueous  solutions  and  62  pM  for  the  urine  and  plasma  samples. 


16 

Another  limitation  of  noncompetitive  assays  is  the  electrophoretically 
heterogeneous  products  encountered  when  antibodies  or  antibody  fragments  are 
fluorescently  labeled.  Hafner  et  al.  (2000)  used  a thiol  specific  labeling  reagent  5- 
iodoacetamidofluorescein  (5-IAF)  to  produce  a homogenous,  labeled  affinity  probe.  The 
5-IAF  was  used  to  selectively  derivatize  a single-chain  antibody  fragment  (scFv),  the 
smallest  construct  of  an  antibody  that  contains  the  binding  site,  specific  for  digoxin.  Site 
directed  mutagenesis  was  used  to  introduce  a cysteine  residue  into  the  scFv  fragment 
providing  a single  labeling  site  for  the  5-IAF.  After  incubating  the  labeled  fragment 
(scFv*)  with  digoxin,  electrophoretic  separation  produced  two  distinct  zones,  the  excess 
scFv*  and  the  scFv*-digoxin  complex.  The  limit  of  detection  were  reported  as  10  pM  for 
digoxin.  To  increase  the  sensitivity  of  the  assay,  solid-phase  extraction  was  employed  for 
preconcentration  of  digoxin  before  analysis.  Digoxin  limits  of  detection  of  200  fM  and 
400  fM  were  reported  for  aqueous  and  serum  samples  respectively  when  coupling  solid- 
phase  extraction  with  the  APCE  separation. 

In  addition  to  these  methods,  alternatives  to  antibodies  have  been  pursued  to 
further  improve  noncompetitive  assays  for  use  as  analytical  diagnostic  tools. 
Oligonuleotides  or  aptamers  are  affinity  probe  alternatives  for  use  in  affinity  assays. 
Aptamers,  which  are  highly  negatively  charged,  low  molecular  weight  oligonucleotides 
that  are  easily  labeled  with  fluorescent  dyes,  should  be  ideal  affinity  probes  for  CE 
separations. 

Aptamers 

Aptamers,  derived  from  the  Latin  word  “aptus”  meaning  “to  fit,”  are  short  RNA 
or  DNA  sequences  designed  to  bind  to  a target  molecule  with  high  affinity  and  specificity 
(Ellington  and  Szostak,  1 990).  Aptamers  are  developed  with  an  in  vitro  selection  method 
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coined  SELEX  (systematic  evolution  of  ligands  by  exponential  enrichment)  (Tuerk  and 
Gold,  1990).  In  comparison  to  antibodies,  aptamers  do  not  require  animal  hosts  during 
production  or  in  vivo  conditions;  thus  they  may  be  developed  for  almost  any  target  of 
interest.  Aptamers  are  developed  via  chemical  synthesis  techniques,  providing 
reproducible  products  that  can  be  purified  with  techniques  such  as  HPLC  and  gel 
electrophoresis.  Aptamers  can  be  derivatizedd  with  organic  dyes  such  as  fluorescein  or 
conjugated  with  molecules  such  as  biotin  for  incorporation  into  analytical  diagnostic 
tools,  and  aptamers  undergo  reversible  denaturation  making  them  stable  for  extended 
storage  (Jayasena,  1999). 

SELEX 

SELEX  is  an  iterative  in  vitro  process  in  which  a large  random  pool  of 
oligonucleotides  (DNA  or  RNA)  is  screened  for  affinity  to  target  analytes.  The  SELEX 
process  is  illustrated  in  Figure  1-5.  In  developing  the  oligonucleotide  library,  all 
sequences  are  composed  of  two  fixed  primer  regions  to  allow  for  amplification  and 
transcription.  One  primer  is  present  at  the  beginning  of  the  sequence  and  the  other  at  the 
end  of  the  sequence.  The  diversity  of  the  oligonucleotide  library  is  dependent  on  the 
number  of  randomized  nucleotides  positions  (N)  found  between  the  two  primer  regions. 
Since  four  basic  building  blocks  (nucleotides)  are  used  for  any  oligonucleotide,  the 
theoretical  sequence  space  of  the  library  can  be  composed  of  4N  molecules.  Because  of 
experimental  limitations  with  analyzing  such  a large  pool  of  sequences,  typical  SELEX 
libraries  consist  of  10l4-1015  molecules  (James,  2000).  After  composing  the  library,  the 
oligonucleotides  are  incubated  with  a limited  amount  of  the  analyte  in  order  to  screen  for 
high  affinity  sequences.  In  many  examples,  analytes  have  been  immobilized  on  solid 
supports  and  as  the  library  is  washed  over  the  target,  sequences  with  higher  affinity  are 
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captured  and  retained  whereas  non-binding  sequences  are  rinsed  away.  However,  by 
immobilizing  the  target,  the  interaction  between  the  target  and  the  aptamer  sequences  is 
impeded.  With  target  analytes  such  as  proteins,  other  aptamer  screening  techniques  have 
been  employed.  Nitrocellulose  filters  are  one  screening  alternative  as  they  can  retain  the 
aptamer-protein  complexes  without  requiring  binding  to  a support  and  the  lower  affinity 
sequences  are  passed  through  the  filter.  Once  the  non-binding  sequences  are  removed, 
subsequent  rinses  can  be  used  to  remove  the  higher  affinity  oligonucleotides  from  the 
target.  These  binding  sequences  are  collected  and  amplified  by  the  polymerase  chain 
reaction  (PCR).  With  subsequent  rounds  of  binding,  collection,  and  amplification,  a few 
higher  affinity  oligonucleotides  are  isolated  which  are  then  sequenced  and  characterized. 

Aptamers  can  be  characterized  by  measuring  the  binding  affinity  for  their  specific 
analytes.  The  binding  relationship  is  depicted  in  the  following  equilibrium  in  which  the 
aptamer  (A)  and  the  analyte  (T)  bind  forming  the  aptamer-analyte  complex  (A-T). 

A + T«=^A-T  (1.1) 

One  common  term  used  to  express  complex  affinities  is  the  dissociation  constant  (Kd). 
The  dissociation  constant  is  an  expression  relating  the  concentration  of  the  complex 
present  in  relation  to  the  concentrations  of  the  aptamer  and  analyte. 

(1.2) 

[Aim 

Dissociation  constants  will  be  used  in  the  remainder  of  this  test  as  a measure  of  affinity 
between  an  aptamer  and  its  analyte. 
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Aptamer  Characteristics 

The  molecular  weights  of  aptamers  range  from  7.5  - 32  kDa  generally  consisting 
of  15-100  nucleotide  sequences.  The  length  of  an  aptamer  sequence  is  determined  by  the 
sequence  space  (number  of  randomized  nucleotides)  of  the  original  library  used  during 
selection.  Also  contributing  to  the  length  of  the  sequence  is  the  two  primer  regions  that 
are  necessary  for  amplification  and  transcription  processes.  Generally  a small  aptamer  is 
desired  for  use  in  therapeutic  and  diagnostic  applications.  Most  aptamers  generated  from 
a selection  are  quite  long  (40-100  nucleotides);  therefore,  further  analysis  is  required  to 
truncate  the  sequence  length  but  still  maintain  the  functionality  of  the  aptamer.  For 
example  a 23  nucleotides  (nt)  long  RNA  aptamer  was  developed  for  the  protein  vascular 
endothelial  growth  factor  (VEGF),  a 41nt  DNA  aptamer  was  developed  for  the  sugar 
cellobiose,  and  a DNA  aptamer  for  the  protein  thrombin  was  1 5 nt  long  (Jellinek  et  al., 
1994;  Yang  et  al.,  1998;  Bock  et  al.,  1992).  These  few  aptamers  demonstrate  the 
variation  in  sequence  lengths  generated  from  SELEX  selections. 

Aptamers  have  been  generated  for  a wide  array  of  targets  including  small  ions, 
nucleotides,  peptides,  organic  dyes,  sugars,  proteins,  and  even  whole  cells  (Ciesiolka  and 
Yarus,  1996;  Nieuwlandt  et  al.,  1995;  Williams  et  al.,  1997;  Ellington  and  Szostak,  1992; 
Sassanfar  and  Szostak,  1993;  Bock  et  al.,  1992;  Morris  et  al.,  1998).  Aptamer 
dissociation  constants  (Kd)  range  from  the  low  nanomolar  (nM)  to  high  micromolar  range 
(pM).  For  example,  RNA  aptamer  dissociation  constants  (Kd)  of  0.3  pM  to  65  pM  were 
reported  for  the  small  molecules  citrulline  and  arginine  (Famulok,  1994;  Geiger  et  al., 
1996).  A Kdof700nM  was  determined  for  a DNA  aptamer  selective  for  cellobiose,  the 
sugar  monomer  of  cellulose  (Yang  et  al.,  1998).  Bock  et  al.  (1992)  reported  a Kd  of  280 
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nM  for  a DNA  aptamer  specific  for  thrombin,  a serine  protease  (MW  34  kDa);  however, 
an  RNA  aptamer  with  a higher  affinity  (Kd  = 25  nM)  was  also  developed  (Kubik  et  al., 
1994).  Typically  RNA  aptamers  have  displayed  higher  affinity  for  targets  relative  to 
DNA  aptamers.  For  larger  proteins  such  as  human  neutrophil  elastase,  HNE,  (MW  200 
kDa),  Immunoglobulin  E,  IgE,  (MW  200  kDa),  and  L-selectin  (MW  100  kDa),  DNA 
aptamers  Kd ’s  of  17  nM,  10  nM,  and  1 .8  nM  respectively  were  reported  (Lin  et  al.,  1995; 
Wiegand  et  al.,  1996;  Hicke  et  al.,  1996).  This  trend  suggests  aptamers  form  higher 
affinity  complexes  with  larger  targets  such  as  proteins. 

Aptamers  have  been  developed  to  not  only  display  high  affinity  but  also  be 
specific  for  their  target  molecules.  For  example,  a RNA  aptamer  for  theophylline  was 
found  to  have  a 1 0,000  fold  greater  affinity  for  its  target  than  for  caffeine,  though 
caffeine  and  theopyhlline  only  differ  by  one  methyl  group  (Jenison  et  al.,  1994).  Other 
aptamers  have  been  found  to  be  selective  for  enantiomers.  For  example  a RNA  aptamer 
was  reported  to  display  a 12,000  fold  greater  affinity  for  L-arginine  than  D-arginine 
(Geiger  et  al.,  1996).  However,  there  are  limits  of  aptamer  specificity.  A DNA  aptamer 
selective  for  cellobiose  was  also  found  to  bind  the  polymer  cellulose,  in  which  cellobiose 
is  the  monomer  or  repeating  unit  (Yang  et  al.,  1998).  However,  the  aptamer  was  able  to 
discriminate  against  similar  disaccharides  such  as  lactose  and  maltose. 

Diagnostic  and  Therapeutic  Applications 

Many  cases  have  been  reported  detailing  how  aptamers  may  affect  cellular 
processes.  For  example,  DNA  and  RNA  aptamers  isolated  with  in  vitro  selection  were 
found  to  be  antagonists  for  the  IgE  antibody  (Wiegand  et  al.,  1996).  IgE  antibodies  play 
a key  role  in  allergic  responses  by  releasing  biogenic  amines  upon  binding  its  receptor. 
Each  aptamer  was  found  to  competitively  bind  to  IgE  inhibiting  the  immunoglubulin 
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from  interacting  with  its  receptor  molecule  blocking  the  release  of  biogenic  amines  such 
as  serotonin.  By  inhibiting  the  release  of  serotonin,  the  IgE  aptamers  may  possibly  be 
used  as  new  therapies  for  allergies. 

In  another  example,  a DNA  aptamer  was  found  to  block  the  enzyme  activity  of 
thrombin,  a serine  protease  that  plays  a key  role  in  blood  coagulation  (Bock  et  al.,  1992). 
Developing  an  inhibitor  for  thrombin  to  promote  anticoagulation  is  highly  desired  for 
therapeutic  treatment  of  vascular  diseases.  Heparin  is  the  most  common  anticoagulant 
employed;  however,  the  long  lifetime  of  heparin  makes  anticoagulation  difficult  to 
reverse  and  in  some  instances  bleeding  is  induced  (Wang  et  al.,  1993).  In  vitro 
investigations  showed  the  DNA  aptamer  inhibited  thrombin  dependent  blood  clotting  by 
50%  (Bock  et  al.,  1992).  The  thrombin  aptamer  has  been  incorporated  into  in  vivo 
investigations  and  employed  in  pre-clinical  studies  to  further  explore  the  possibility  of 
using  aptamers  for  therapeutics  (Li  et  al.,  1994;  DeAuda  et  al.,  1994;  Famulok  and 
Mayer,  1999). 

Analytical  Applications 

Aptamers  are  alternatives  to  antibodies  for  affinity  based  analytical  applications, 
and  have  been  incorporated  into  analytical  applications  such  as  flow  cytometry,  sensors, 
and  ELISA  type  assays  (Kleinjung  et  al.,  1998;  Potyarailo  et  al.,  1998;  Davis  et  al.,  1996; 
Drolet  et  al.,  1996).  An  affinity  sensor  for  L-adenosine  was  developed  employing  a 
biotinylated  RNA  aptamer  immobilized  on  a fiber  derivatized  with  streptavidin 
(Kleinjung  et  al.,  1998).  For  detection  L-adenosine  was  labeled  with  fluorescein,  and  the 
affinity  between  the  bound  aptamer  and  labeled  L-adenosine  was  similar  to  that 
previously  found  in  solution.  The  aptamer  sensor  was  found  to  have  a 1 700-fold  greater 
affinity  for  its  target  L-adenosine  than  with  other  similar  analytes  (Kleinjung  et  al.. 
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1 998).  Another  sensor  employed  a DNA  aptamer  specific  for  thrombin  in  which  the 
protein  was  detected  by  fluorescence  anisotropy  (Potyarailo  et  al.,  1998).  The  5’  end  of 
the  aptamer  was  modified  with  fluorescein  whereas  the  3’  end  was  modified  with  an  alkyl 
amine  to  promote  attachment  to  a glass  slide.  Upon  addition  of  thrombin,  a change  in 
polarization  was  measured  for  the  aptamer,  as  its  movement  is  restricted  upon  binding 
with  the  target.  Specificity  of  the  thrombin  aptamer  sensor  was  demonstrated  as  no 
change  in  fluorescence  anisotropy  was  measured  when  another  similar  protein,  elastase, 
was  washed  over  the  sensor.  The  sensor  was  used  for  repeated  measurements  by 
removing  the  bound  thrombin  with  a denaturing  agent  thus  regenerating  the  sensor 
surface  (Potyarailo  et  al.,  1998) 

Continued  research  is  necessary  to  further  explore  and  develop  aptamers  for 
analytical  applications.  This  work  has  investigated  using  aptamers  as  alternatives  to 
antibodies  for  use  in  noncompetitive  capillary  electrophoresis  affinity  assays  in  hopes  of 
expanding  the  utility  of  aptamers  as  bioanalytical  tools. 
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Figure  1-1  Schematic  of  capillary  electrophoresis  (CE).  The  ends  of  a fused, 
silica  capillary  (5-150  pm  inner  diameters,  1-100  cm  lengths)  are  immersed  into 
two  buffer  reservoirs  that  contain  electrodes  to  connect  the  capillary  to  a power 
supply.  Once  an  electric  field  is  applied,  analytes  migrate  through  the  capillary 
and  are  detected. 
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Figure  1-2  Laser  induced  fluorescence  (LIF)  optical  detector  in  which 
excitation  light  from  an  Argon  ion  laser  is  focused  onto  the  capillary.  The 
fluorescence  emission  is  collected  by  the  elliptical  reflector  and  reflected 
towards  a mirror  and  the  520  nm  bandpass  filter.  The  filtered  fluorescence 
emission  is  detected  with  a PMT.  Copyright  Beckman-Coulter,  Inc.  Fullerton, 
CA. 
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Figure  1-3  Competitive  CE  immunoassay  in  which  a known  concentration  of 
labeled  antigen  (Ag*)  is  added  to  a limited  amount  of  its  specific  antibody  (Ab). 
As  unlabeled  antigen  (Ag)  is  added  to  the  mixture,  Ag  and  Ag*  compete  to  bind 
with  the  limited  amount  of  Ab  decreasing  the  Ab-Ag*  peak.  With 
electrophoretic  separation  two  zones  are  detected,  the  labeled  complex  (Ab- 
Ag*)  and  free  Ag*. 
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Figure  1-4  Noncompetitive  CE  immunoassay  in  which  a limited  amount  of  the 
labeled  antibody  (Ab*)  is  added  to  a mixture  containing  its  specific  antigen 
(Ag).  After  injection  onto  the  capillary  and  separation,  two  zones  are  detected, 
the  labeled  Ab*-Ag  complex  and  free  Ab*. 
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Figure  1-5  Schematic  of  systematic  evolution  of  ligands  by  exponential 
enrichment  (SELEX).  A large  pool  of  random  oligonucleotides  is  screened  for 
affinity  for  an  immobilized  target  molecule.  The  column  is  rinsed  removing  low 
affinity  oligonucleotides  or  non-retained  sequences.  Sequences  with  higher 
affinity  can  then  be  collected  but  need  to  be  amplified  with  PCR  (polymerase 
chain  reaction).  With  8-10  cycles  of  selection  and  amplification,  several  high 
affinity  sequences  can  be  isolated  for  characterization. 


CHAPTER  2 

A NONCOMPETITIVE  APTAMER  AFFINITY  ASSAY  EMPLOYING  CAPILLARY 
ELECTROPHORESIS  WITH  LASER  INDUCED  FLUORESCENCE  DETECTION 

Introduction 

Most  capillary  electrophoretic  immunoassays  (CEIA)  have  utilized  a competitive 
format;  however,  noncompetitive  assays  offer  several  advantages  to  competitive  assays 
including  larger  linear  dynamic  ranges  (due  to  direct  quantitation  of  the  complex),  the 
ability  to  distinguish  between  cross-reactive  species,  and  detection  limits  which  are  less 
dependent  on  binding  affinities  (Shimura  and  Karger,  1 994).  A noncompetitive  assay 
typically  incorporates  an  excess  of  labeled  affinity  probe  such  as  an  antibody  (Ab*)  to 
react  with  a specific  antigen  (Ag).  The  antigen  is  quantitated  directly  by  measuring  the 
Ab*-Ag  complex  which  is  electrophoretically  separated  from  the  free  Ab*. 

Development  of  noncompetitive  immunoassays  can  be  problematic  since 
fluorescently  labeling  of  antibodies  typically  produces  heterogeneous  products,  and 
separating  the  free  Ab*  and  Ab*-Ag  complex  may  be  complicated  due  to  small  changes 
in  electrophoretic  mobilities.  One  technique  for  producing  homogenous,  labeled  affinity 
probes  is  to  use  thiol  specific  labeling  reagents  such  as  5-iodoacetamidofluorescein  which 
selectively  derivatize  cysteine  residues  present  in  the  antibody  (Shimura  and  Karger, 
1994;  Hafner  et  al.,  2000;  Tim  et  al.,  2000).  Also  to  aid  in  the  separation  of  Ab*  and 
Ab*-Ag,  a “shift  ligand,”  which  binds  with  weak  affinity  to  the  binding  site  of  Ab*,  can 
be  added  to  the  separation  buffer  (Hafner  et  al.,  2000;  Tim  et  al.,  2000).  The  charged 
shift  ligand  increases  the  electrophoretic  mobility  of  Ab*;  however,  once  Ab*-Ag  is 
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formed,  the  weaker  affinity  shift  ligand  is  effectively  blocked  from  binding  with  the 
complexed  antibody.  Any  remaining  free  Ab*  interacts  with  the  charged  ligand, 
increasing  the  electrophoretic  mobility  difference  between  the  “shift  ligand”-Ab* 
complex  and  Ab*-Ag  subsequently  enhancing  the  separation  of  Ab*  from  Ab*-Ag. 

Though  several  techniques  have  been  developed  to  improve  noncompetitive  CE 
immunoassays,  alternatives  to  antibodies,  such  as  aptamers,  are  being  explored. 

Aptamers  are  short,  single-stranded  oligonucleotide  sequences  developed  with  the 
combinatorial  chemistry  technique  SELEX  (systematic  evolution  of  ligands  by 
exponential  enrichment)  to  bind  with  a target  molecule  with  high  specificity  and  affinity 
(Ellington  and  Szostak,  1990;  Tuerk  and  Gold,  1990).  Aptamers  possess  several 
favorable  characteristics  making  them  suitable  affinity  probes  for  noncompetitive  CE 
affinity  assays.  Automated  chemical  synthesis  techniques  are  rapid  and  relatively 
inexpensive  and  enable  facile  labeling  of  aptamers  with  fluorescent  dyes.  Also  aptamers 
are  low  molecular  weight  ligands  with  a high  degree  of  charge,  and  upon  binding  with  an 
analyte  such  as  a protein,  the  negative  charge  of  the  aptamer  is  reduced  and  its  overall 
mass  is  increased.  The  resolution  of  the  complex  from  the  free  aptamer  should  be  greatly 
enhanced  due  to  the  large  difference  in  the  electrophoretic  mobilitites  (p)  of  the  free 
aptamer  and  the  aptamer-protein  complex. 

One  concern  with  aptamer  complexes,  especially  those  formed  with  proteins,  is 
dissociation  over  the  course  of  the  separation.  Proteins  adhere  quite  rapidly  to  the  walls 
of  unmodified  capillaries  typically  employed  in  CZE.  If  the  aptamer-protein  complex  is 
adsorbed  onto  the  capillary  walls,  dissociation  may  occur  as  the  aptamer  is  pulled  through 
the  capillary  (by  the  EOF  or  electric  field)  but  the  protein  remains  behind  on  the  capillary 


30 


surface.  Employing  coated  capillaries  is  one  method  to  reduce  protein  absorption 
(Hjerten,  1985;  Cobb  et  al.,  1990;  Schmalzing  et  al.,  1993;  Malik  et  al.,  1993).  Coating 
of  the  capillary  walls  with  substances  such  as  polyacrylamide  not  only  reduces  the 
absorption  sites  on  the  walls  but  also  reduces  the  EOF  within  the  capillary.  Under  these 
separation  conditions,  the  complex,  which  has  the  less  negative  electrophoretic  mobility 
(p),  migrates  slower  than  the  free  aptamer. 

Because  of  the  decrease  in  the  EOF  when  employing  coated  capillaries,  the 
aptamer  complex  spends  more  time  on  the  column  providing  ample  time  for  partial  or 
complete  complex  dissociation  to  occur.  Incorporating  polymer  gel  networks  into  the 
electrophoresis  buffer  is  another  technique  to  reduce  complex  dissociation.  The  most 
widely  used  method  for  analyzing  protein-oligonucleotide  interactions  is  the 
electrophoresis  mobility  shift  assay  (EMSA)  (Lane  et  al.,  1992).  Gel  electrophoresis, 
employing  crosslinked  polymers  such  as  polyacrylamide  or  agarose,  is  used  to  separate 
the  protein-oligonucleotide  complex  from  the  free  protein  and  free  oligonucleotide. 
Several  studies  have  shown  greater  stability  of  protein  complexes  in  a gel  relative  to  free 
solution  (Lane  et  al.,  1992).  This  increase  in  stability  has  been  described  as  an  excluded 
volume  or  “caging”  effect  (Fried  and  Bromberg,  1981 ; Fried  and  Crothers,  1997).  Once 
the  complex  begins  to  dissociate,  the  protein  and  oligonucleotide  begin  to  move  away 
from  each  other;  however,  with  a gel  present,  the  diffusion  of  the  free  analytes  is 
impeded.  The  oligonucleotide  and  protein  from  the  dissociated  complex  is  maintained 
within  a small  zone;  therefore,  reassociation  is  favored,  hence  a “caged”  complex. 
EMSA  is  essentially  a gel  electrophoresis  technique  that  is  laborious  and  time 
consuming.  The  capillary  electrophoresis  mobility  shift  assay  (CEMSA)  offers  several 


31 


advantages  to  the  conventional  EMSA  including  ease  of  automation,  increased  resolution, 
rapid  analysis  times,  small  sample  volumes,  and  on-line  detection  giving  rise  to  increased 
sensitivity  (Foulds  and  Etzkom,  1998). 

CEMSA  with  LIF  detection  has  been  demonstrated  for  several  protein- 
oligonucleotide  complexes  (Foulds  and  Etzkom,  1998;  Xian  et  al.,  1996;  Stebbens  et  al., 
1996;  Janini  et  al.,  1995).  Typically  the  oligonucleotide  is  labeled  with  a suitable 
flourophore  to  allow  for  detection.  Foulds  and  Etzkom  (1998)  developed  a CEMSA 
method  utilizing  unmodified  capillaries  and  a MOPS  (3-(N-morpholino)-propane  sulfonic 
acid)  electrophoresis  buffer.  With  this  method,  binding  affinities  for  several  DNA- 
protein  complexes  were  determined  (Foulds  and  Etzkom,  1999).  However,  most 
CEMSA  applications  have  employed  dilute  polymer  buffers  to  optimize  the  resolution  of 
the  complex  and  free  oligonucleotide.  Xian  et  al.  (1996)  employed  a 
tris(hydroxyaminomethane),  borate,  ethylenediamine  tetraacetic  acid,  pH  8.3  buffer 
(TBE)  with  0.2%  polyacrylamide  (MW  750,000-1,000,000)  to  analyze  a transcription 
factor  (SpP3A2)  from  nuclear  extracts,  egg  lysates,  and  a single  sea  urchin  egg  lysed 
within  the  capillary.  Stebbins  et  al.  (1996)  investigated  optimizing  separation  conditions 
for  trp  repressor-DNA  complexes  in  which  methyl  cellulose  (MW  100,000)  buffers  of 
varying  concentrations  (0.25%,  0.5%,  and  0.75%)  were  investigated.  Greater  resolution 
and  improved  efficiency  of  the  complex  peak  was  achieved  with  a 0.75%  methyl 
cellulose,  TBE  pH  8 buffer,  demonstrating  the  effect  of  polymer  concentration  on  the 
resolution  of  the  free  oligonucleotide  from  the  protein-DNA  complex. 

Most  reported  CEMSA  applications  have  employed  dilute  polymer  solutions  to 
enhance  the  separation  of  the  free  oligonucleotide  from  its  complex;  however,  entangled 
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networks  are  necessary  to  achieve  sieving  that  is  characteristic  of  crosslinked  gels 
typically  employed  for  EMSA.  With  dilute  polymer  solutions,  the  polymer  chains  are 
isolated  form  each  other  and  do  not  interact.  Once  the  polymer  concentration  approaches 
the  entanglement  threshold,  the  polymer  chains  start  to  overlap  and  become  densely 
packed.  The  entanglement  threshold  (c*)  may  be  expressed  as: 

c* « 3M"  « — (2.1) 

4 nNARg*  M 

in  which  Mw  is  the  average  molecular  weight  of  the  polymer,  Na  is  Avogadro’s  number, 
Rg  is  the  radius  of  gyration,  and  [r|]  is  the  intrinsic  viscosity  of  the  solution.  Semidilute 
polymer  solutions  are  those  with  polymer  concentrations  above  the  entanglement 
threshold.  Entangled  polymer  solutions  have  been  employed  with  CE  for  applications 
such  as  DNA  sequencing  and  separating  SDS  denatured  protein  mixtures  (Ruiz-Martinez 
et  al.,  1996;  Benedek  and  Guttman,  1994).  Ultradilute  polymer  solutions  have  also  been 
shown  to  improve  resolution  and  efficiency  of  DNA  separations  (Barron  and  Blanch, 
1994;  Hubert  et  al.,  1996).  With  ultradilute  polymer  buffers,  DNA  molecules  drag 
polymer  molecules  with  them  as  they  migrate  through  the  capillary,  resulting  in  a 
reduction  of  the  mobility  of  the  DNA.  The  number  of  polymer  molecules  an 
oligonucleotide  can  interact  with  is  proportional  to  the  length  of  the  sequence;  thus  the 
increased  resolution  of  the  separation. 

The  aim  of  this  work  was  to  develop  a noncompetitive  CE-LIF  aptamer  assay  for 
a 15-nucleotide  long  DNA  aptamer  (labeled  with  fluorescein)  specific  for  thrombin  (MW 
34  kDa).  To  determine  the  most  suitable  separation  conditions  for  detecting  the  aptamer- 
thrombin  complex,  capillary  zone  electrophoresis  with  unmodified  capillaries, 
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polyacrylamide  coated  capillaries,  and  capillary  electrophoresis  with  dilute  polymer 
solutions  were  investigated. 

Materials  and  Methods 

Chemicals 

A concentrated  Tris/glycine  buffer  (250  mM  Tris/1.92  M glycine)  was  purchased 
from  Bio-Rad  Laboratories  (Hercules,  CA).  Methyl  cellulose  (25  cp  @ 2%  w/v), 
hydroxypropylmethylcellulose  (100  cp  @ 2%  w/v),  potassium  chloride,  and  thrombin 
from  human  plasma  (0.26  mg/mL),  were  purchased  from  Sigma  Chemical  (St.  Louis, 
MO).  A 10%  polyacrylamide  (MW  700,000-1,000,000)  solution  in  water  was  purchased 
from  Polysciences,  Inc  (Warrington,  PA).  Polyethylene  oxide)  (MW  300,000  and 
2,000,000)  was  purchased  from  Aldrich  Chemical  (Milwaukee,  WI).  Boric  acid, 
Tris(hydroxyaminomethane)  (Tris),  and  ethylenediaminetetraacetic  acid  disodium  salt 
(EDTA)  were  purchased  from  Fisher  chemical  (Pittsburgh,  PA).  Dr.  Andrew  Ellington, 
University  of  Texas,  generously  donated  the  first  sample  of  thrombin  aptamer. 
Subsequent  samples  of  the  thrombin  aptamer  were  purchased  from  Integrated  DNA 
Technologies  (Coralville,  IA).  For  the  labeled  aptamer,  fluorescein  or  a fluorescein 
derivative  was  chemically  attached  to  the  5’  end  of  the  aptamer  (5’GGTTGGT 
GTGGTTGG-3’)  and  then  purified  with  HPLC.  All  solutions  were  prepared  with 
deionized  water  purified  with  a Milli-Q  Plus  system  (Millipore  Corp.,  Marlborough, 

MA). 

Aptamer  preparation 

Before  experiments,  a 4 pM  stock  of  aptamer  in  electrophoresis  buffer  was 
prepared  and  annealed.  For  the  annealing  process,  the  stock  solution  was  heated  at  72°C 
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for  2.5  min  and  cooled  to  room  temperature.  All  samples  were  prepared  from  the 
annealed  4 pM  DNA  stock. 

CGE  buffer  preparation 

A 89  mM  Tris,  89  mM  borate,  2 mM  EDTA,  5 mM  KH2P04  pH  8.3  buffer 
(TBE/K)  was  employed  for  all  CGE  experiments.  The  buffer  was  heated  in  an  oil  bath  at 
70°  C for  5-10  min  with  constant  stirring.  HPMC  (hydroxypropylmethylcellulose)  or 
methyl  cellulose  was  added  slowly  to  the  buffer  (since  neither  are  very  water-soluble)  in 
order  to  avoid  forming  large  clumps  of  undissolved  polymer.  The  solution  was  stirred 
continuously  until  the  entire  polymer  had  dissolved,  typically  on  the  order  of  30-90  min. 
Solutions  were  cooled  at  room  temperature  before  using.  Preparation  of  polyacrylamide 
and  polyethylene  oxide  solutions  was  accomplished  by  adding  the  appropriate 
concentration  of  polymer  to  the  buffer  and  stirring  continuously  until  the  entire  polymer 
was  dissolved.  Polyethylene  oxide  (PEO)  solutions  were  difficult  to  prepare  since  PEO 
was  found  to  be  very  insoluble. 

Apparatus 

All  separations  were  performed  with  a Beckman  P/ACE  2200  capillary 
electrophoresis  system  (Beckman  Coulter  Fullerton,  CA).  Bare,  fused  silica  capillaries 
(50  pm  i.d.,  360  pm  o.d.)  were  from  Polymicro  Technologies  (Phoenix,  AZ).  Laser 
induced  fluorescence  (LIF)  detection  employed  the  488  nm  excitation  line  of  a 3 mW 
Argon  Ion  laser  (Beckman-Coulter)  and  emission  was  collected  at  520  nm.  Data  was 
recorded  and  analyzed  with  P/ACE  software  (Beckman-Coulter). 
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Results  and  Discussion 

In  our  initial  attempts  to  develop  an  aptamer  affinity  assay,  a thrombin  binding 
DNA  aptamer  was  investigated  with  CZE.  Figure  2-1 A shows  an  electropherogram  of  1 
pM  aptamer  in  a 20  mM  NahbPC^  pH  7.0  buffer.  As  seen  in  the  electropherogram, 
several  impurities  are  present  in  the  aptamer  sample  (labeled  IMP).  With  addition  of 
excess  thrombin  (2  pM),  a decrease  in  the  DNA*  peak  was  observed  (Figure  2-1 B),  but 
no  complex  was  detected.  One  possible  reason  for  no  complex  detection  is  adsorption  of 
the  thrombin  to  the  capillary  walls,  subsequently  promoting  dissociation  of  the  complex. 
At  the  pH  used  for  our  work  (pH  7),  the  silanol  groups  on  the  capillary  surface  are 
deprotonated  leaving  a negatively  charged  surface  for  adsorption  of  analytes  especially 
proteins.  In  hopes  of  preventing  adsorption  of  the  thrombin  to  the  capillary  surface,  CE 
separations  employing  a polyacrylamide  coated  capillary  were  investigated. 

A polyacrylamide  capillary  was  prepared  with  a method  adapted  from  Hjerten, 
(1985)  and  Clark  et  al.  (1994)  and  is  described  in  more  detail  later  in  this  text  (Chapter 
5).  The  electroosmotic  flow  (EOF)  is  greatly  suppressed  in  a coated  capillary,  since  the 
polymer  effectively  covers  the  silanol  groups  on  the  capillary  surface.  With  EOF 
suppression,  the  electrophoretic  mobility  of  the  analyte  will  be  the  primary  mechanism 
for  migration  through  the  capillary.  Since  aptamers  are  highly  negative  analytes,  the 
electrodes  were  reversed  so  the  separation  will  proceed  towards  the  anode.  Upon  binding 
with  the  protein,  the  aptamer-complex  mobility  is  less  negative  than  the  free  aptamer; 
therefore,  the  complex  is  predicted  to  elute  after  the  free.  Figure  2-2A  shows  the 
electropherogram  of  1 pM  aptamer  (DNA*)  on  a polyacrylamide  capillary.  Only  a single 
peak  is  detected,  as  resolution  of  the  impurities  (Figure  2-1  A)  has  been  lost.  Upon 
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addition  of  0.5  pM  thrombin,  a large  decrease  in  the  free  is  observed  (Figure  2-2B); 
however,  once  again  no  complex  is  detected.  With  an  even  larger  addition  of  thrombin 
(0.75  pM),  the  free  DNA*  continues  to  decrease  (Figure  2-2C)  indicating  complex 
formation  is  occurring,  but  again  no  complex  is  detected.  Other  separation  conditions 
were  investigated  in  order  to  facilitate  detection  of  the  aptamer-thrombin  complex. 

Flow  Assisted  CE 

Continuing  work  to  develop  an  aptamer  assay  was  accomplished  elsewhere  in  our 
lab  with  an  in  house  instrument  described  elsewhere  (German  et  al. , 1998).  For  this 
work,  a polyacryalmide  coating  was  again  employed  for  the  electrophoretic  separations  to 
reduce  any  adsorption  of  the  thrombin.  Figure  2-3A  shows  an  electropherogram 
collected  for  2 pM  aptamer  (DNA*)  in  a phosphate  pH  7.4  buffer.  With  addition  of  an 
excess  of  protein  (3  pM)  a large  decrease  in  the  free  aptamer  was  observed  and  again  no 
well-formed  complex  was  detected  (Figure  2-3 B).  However,  the  free  aptamer  peak  was 
tailing  which  may  be  indicative  of  the  complex  dissociating  during  the  electrophoretic 
run.  To  aid  the  movement  of  the  complex  and  prevent  dissociation,  vacuum  induced  flow 
was  utilized  in  conjunction  with  the  separation  voltage.  Essentially  the  sample  was 
injected  onto  the  capillary  and  the  electric  field  was  applied  to  separate  the  free  and 
bound  zones.  After  the  free  aptamer  peak  was  detected,  vacuum  was  applied  to  the  outlet 
of  the  capillary  while  the  electric  field  was  still  being  applied  to  pull  the  complex  towards 
the  detector.  When  utilizing  the  flow-assisted  CE  method  and  adding  an  excess  of 
thrombin,  a complex  peak  was  detected  (Figure  2-4B).  The  complex  and  free  peaks  were 
bridged  indicative  of  the  aptamer-thrombin  complex  still  dissociating  during  the 
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separation;  however,  the  assay  was  quantitative  with  a reported  complex  limit  of 
detection  of  40  nM. 

The  dissociation  constant  (Kd)  of  the  thrombin-aptamer  complex  was  previously 
published  as  200  nM  (Bock  et  al.,  1 992),  and  was  also  determined  with  the  flow-assisted 
CE  method  as  ~ 450  nM  (German  et  al.,  1998).  Two  reasons  were  suggested  to  explain 
the  differences  in  the  dissociation  constants.  Different  buffers  were  employed  for  the 
measurements  and  buffer  composition  could  greatly  affect  the  amount  of  complex  being 
formed.  Also  the  dissociation  of  the  complex  occurring  within  the  CE  separation  could 
have  caused  the  Kd  to  appear  falsely  higher.  With  a Kd  in  the  mid  nanomolar  range,  a 
relatively  weak  complex  is  being  formed  which  may  increase  the  rate  of  dissociation 
during  the  separation  and  cause  the  bridging  seen  between  the  free  and  complex  peaks. 
Though  the  aptamer  investigated  in  the  CE  assay  was  derivatized  with  fluorescein,  no 
adverse  effects  on  binding  were  observed  due  to  the  fluorescent  label. 

A noncompetitive  aptamer  assay  for  the  protein  IgE  was  also  developed  utilizing 
the  flow-assisted  CE  method.  This  assay  was  more  sensitive  with  a 46  pM  limit  of 
detection  (37  zmol  mass  detection  limit)  due  to  the  higher  affity  aptamer  (Kd  = 10  nM) 
for  IgE  (Wiegand  et  al.,  1996).  The  IgE  aptamer  assay  was  determined  to  be  highly 
selective  since  no  appreciable  binding  was  measured  for  a structurally  similar  antibody 
IgG.  Also  complex  samples  (human  serum  was  used  for  experiments)  were  found  to 
have  little  effect  on  the  separation,  detection  limit,  or  dynamic  range  of  the  IgE  aptamer 
CE  assay  (German  et  al.,  1998). 

Capillary  Electrophoresis  with  Polymer  Buffers 

Though  a flow-assisted  method  was  successfully  used  to  develop  noncompetitive 
aptamer  assays,  a simpler  method  was  desired  to  increase  the  applicability  of  aptamer  CE 
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assays  as  analytical  tools.  Polymer  networks  were  investigated  to  reduce  dissociation  of 
the  aptamer-thrombin  complex.  Capillary  electrophoretic  mobility  shift  assays  (CEMSA) 
have  been  demonstrated  as  valuable  techniques  for  analyzing  protein-oligonucleotide 
complexes  (Foulds  and  Etzkom,  1998;  Xian  et  al.,  1996;  Stebbens  et  al.,  1996). 

Typically  dilute  polymer  buffers  are  used  to  improve  the  resolution  and  efficiency  of  the 
free  DNA  and  the  DNA-protein  complex. 

Generally  to  prevent  adsorption  of  protein  analytes,  polyacrylamide  coated 
capillaries  are  employed  in  CEMSA.  To  investigate  the  effects  of  polymer  gel  networks 
on  aptamer  complex  stability,  a polyacrylamide  coated  capillary  was  prepared  using  a 
method  adapted  from  Cobb  et  al.  (1990)  and  Dolnik  et  al.  (1998),  which  is  further 
explained  later  in  this  text  (Chapter  5).  Several  polymers  were  investigated  as  buffer 
additives  including  polyacrylamide,  poly(ethyleneoxide),  methyl  cellulose,  and 
hydroxypropylmethyl  cellulose  (HPMC).  Most  polymer  solutions  utilized  for 
experiments  were  dilute;  therefore,  an  entangled  network  was  not  achieved.  However, 
improvements  in  complex  resolution  were  achieved  with  a 89  mM  Tris,  89  mM  borate,  2 
mM  EDTA,  5 mM  KH2P04  pH  8.3  buffer  (TBE/K)  containing  0.6  % HPMC.  With 
addition  of  excess  thrombin  (3  pM)  to  2 pM  aptamer  (DNA*)  and  using  the  TBE/K  0.6 
% HPMC  buffer  for  the  separation,  the  thrombin-aptamer  complex  was  formed  and 
detected  (Figure  2-5 B).  To  insure  this  new  peak  was  the  complex,  an  excess  of  unlabeled 
aptamer  (4.5  pM  DNA)  was  added  to  compete  with  the  labeled  aptamer  (DNA*)  for 
binding  with  the  thrombin.  Because  the  unlabeled  aptamer  is  in  excess,  a decrease  in  the 
labeled  complex  is  predicted.  Figure  2-5C  shows  the  decrease  in  the  labeled  complex 
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upon  addition  of  the  unlabeled  aptamer  verifying  the  labeled  aptamer- thrombin  complex 
was  formed  and  detected  in  the  TBE/K  0.6%  HPMC  buffer. 

Only  a dilute  polymer  was  necessary  to  facilitate  detection  of  the  thrombin- 
aptamer  complex.  Figure  2-6  shows  the  difference  in  the  aptamer  assays  when  no 
polymer  is  used  (2-6A)  and  when  a TBE/K  buffer  with  0.6%  HPMC  was  employed  (2- 
6B).  Unfortunately  the  separation  with  the  dilute  polymer  buffer  did  not  provide  baseline 
resolution  of  the  complex  and  free  aptamer.  This  bridging  of  the  complex  and  free  may 
again  be  indicative  of  the  weak  complex  dissociating.  In  hopes  of  improving  the 
resolution  of  the  aptamer  complex  from  the  free  DNA*,  other  buffer  concentrations  were 
investigated.  As  mentioned  earlier,  only  a dilute  polymer  buffer  was  necessary  for  the 
electrophoretic  separation;  however,  entangled  networks  are  necessary  to  promote  sieving 
within  a gel.  A HPMC  concentration  of  1 .8%  or  greater  is  necessary  in  order  to  form  an 
entangled  network.  When  buffers  containing  these  concentrations  were  explored,  no 
complex  was  detected;  only  decreases  in  the  free  aptamer  were  observed.  Though  the 
same  preparation  was  used  to  prepare  the  polymer  buffer,  when  a fresh  0.6%  HPMC 
solution  was  prepared  and  employed  for  the  separation,  no  complex  was  detected. 

Several  other  methods  of  HPMC  buffer  preparation  were  investigated  to  no  avail.  The 
irreproducibility  of  preparing  the  polymer  buffer  proved  to  be  detrimental  for  using 
CEMSA  for  aptamer  assays;  therefore,  other  separation  parameters  were  investigated  to 
facilitate  complex  detection. 

Optimizing  the  Electrophoresis  Buffer 

In  our  previous  attempts  to  develop  an  aptamer  affinity  assay,  buffer  compositions 
have  included  phosphate  and  TBE/K.  The  buffer  composition  has  been  shown  in 
conventional  gel  electrophoresis  investigations  to  play  a vital  role  in  forming  a DNA- 
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protein  complex  (Lane  et  al.,  1992).  For  example  protein-DNA  complexes  were  shown 
to  form  in  a Tris-glycine  buffer  but  not  the  standard  TBE  buffer  generally  employed  for 
EMSA  and  CEMSA  applications  (Alazard  et  al.,  1 992).  With  this  in  mind,  a 
commercially  available  Tris/glycine  buffer  (25  mM  Tris,  192  mM  glycine)  was 
investigated.  The  buffer  was  supplemented  with  K+  ions  (5  mM  K2HPO4)  as  potassium 
cations  have  been  suggested  previously  to  enhance  binding  of  thrombin  and  its  aptamer 
(Wang  et  al.,  1993).  An  unmodified,  fused  silica  capillary  was  employed  for  the  initial 
investigations  with  the  Tris,  glycine,  potassium  phosphate  pH  8.4  buffer  (TGK).  Figure 
2-7  shows  several  electropherograms  of  the  thrombin  aptamer  assay  utilizing  a TGK  pH 
8.4  separation  buffer.  With  increasing  concentration  of  thrombin,  the  complex  peak  (C) 
increased  and  the  free  peak  (A*)  decreased  as  expected  with  the  noncompetitive  assay. 
The  complex  is  not  fully  resolved  from  the  free  DNA*,  and  this  bridging  effect  is  again 
indicative  of  the  weakly  formed  complex  dissociating.  To  determine  if  less  time  on  the 
column  would  reduce  the  complex  dissociation,  the  separation  distance  was  shortened  to 
7 cm  (Figure  2-8).  The  peak  height  of  the  complex  increased,  but  the  two  peaks  are  not 
baseline  resolved.  Since  CZE  is  employed  with  the  TGK  buffer,  the  complex,  which  has 
a less  negative  electrophoretic  mobility  than  the  free  aptamer,  travels  faster  to  the  cathode 
(negative  electrode)  thus  being  detected  before  the  free  aptamer.  Also  with  an 
unmodified  capillary,  EOF  is  present  which  aids  in  the  migration  of  the  negatively 
charged  aptamer  to  the  cathode  for  detection. 

The  TGK  buffer  appears  to  be  a suitable  separation  buffer  for  detection  of  the 
thrombin-aptamer  complex;  however,  a well  resolved  complex  was  not  achieved  on  an 
unmodified  capillary.  A polyacrylamide  coated  capillary  was  investigated  with  the  TGK 
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buffer  to  determine  if  any  improvements  in  resolution  could  be  achieved.  As  shown  in 
Figure  2-9B,  upon  addition  of  the  thrombin  to  the  aptamer,  no  well  formed  complex  was 
detected  though  the  free  peak  was  tailing.  Because  of  the  large  decrease  in  the  free  upon 
addition  of  the  thrombin  (comparing  Figures  2-9A  and  2-9B),  the  complex  is  formed  but 
is  not  migrating  through  the  capillary  for  detection.  The  EOF  present  when  employing  an 
unmodified  capillary  appears  to  aid  in  the  migration  of  the  complex  through  the  capillary 
and  enables  detection  of  the  aptamer-thrombin  complex. 

Conclusions 

By  optimizing  the  separation  buffer  a noncompetitive  aptamer  assay  for  thrombin 
has  been  developed.  A vacuum  flow-assisted  method  has  been  previously  shown,  but 
employing  a TGK  separation  buffer  allows  applicability  of  this  assay  to  commercial 
instruments.  Though  polymer  gels  showed  initial  success,  consistently  preparing  the 
polymer  buffer  proved  to  be  problematic  in  developing  a reproducible  aptamer  assay. 
Further  investigations  are  necessary  to  measure  the  quantitative  aspects  of  this  assay  to 
compare  with  the  previously  developed  flow-assisted  assay.  Also  other  aptamers  need  to 
be  investigated  to  see  if  the  TGK  separation  conditions  are  suitable  for  other  aptamer 
complexes. 
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Figure  2-1  Thrombin  aptamer  assay  on  an  unmodified  capillary  employing  a 40 
cm  effective,  47  cm  total  separation  capillary.  The  separation  voltage  was  25 
kV  and  a 5s  10  kV  injection  was  employed.  (A)  Electropherogram  of  1 pM 
aptamer  (DNA*)  in  a 20  mM  NaF^PC^  pH  7.0  buffer.  The  impurities  are 
denoted  as  Imp.  (B)  Upon  addition  of  2 pM  thrombin,  a decrease  in  DNA*  is 
seen  but  no  complex  is  detected. 
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Figure  2-2  Thrombin  aptamer  assay  on  a polyacrylamide  coated  capillary 
employing  a 7 cm  effective,  47  cm  total  separation  capillary.  The  separation 
voltage  was  25  kV  and  a 5s  10  kV  injection  was  employed.  (A)  1 pM  aptamer 
(DNA*)  in  a 20  mM  NaH2P04  pH  7.0  buffer.  Upon  addition  of  0.5  pM 
thrombin  (B)  or  0.75  pM  thrombin  (C),  a decrease  in  DNA*  is  seen  but  no 
complex  is  detected. 
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Figure  2-3  Thrombin  aptamer  assay  employing  a polyacrylamide  coated 
capillary.  (A)  Electropherogram  of  2 pM  aptamer  in  a 5 mM  Na2HP04,  5 mM 
KH2PO4,  MgCl2  pH  7.4  buffer.  The  internal  standard  (IS)  is  fluorescein.  (B) 
Upon  addition  of  3 pM  thrombin,  a decrease  in  the  aptamer  is  observed,  but  no 
complex  is  detected.  Considerable  tailing  of  the  free  aptamer  peak  occurred, 
indicative  of  complex  dissociation.  From  reference:  German,  I.;  Buchanan, 
D.D.;  Kennedy,  R.T.  Anal.  Chem.  1998,  70,  4540. 
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Figure  2-4  Thrombin  aptamer  assay  employing  a polyacrylamide  coated 
capillary  and  vacuum  assisted  flow.  (A)  Electropherogram  of  2 pM  aptamer  in  a 
5 mM  Na2HP04,  5 mM  KH2PO4,  MgCU  pH  8.2  buffer.  The  internal  standard 
(IS)  is  4(5)-carboxyfluorescein.  (B)  Upon  addition  of  3 pM  thrombin,  a 
decrease  in  the  aptamer  is  observed  and  the  aptamer  complex  is  detected.  From 
reference:  German,  I.;  Buchanan,  D.D.;  Kennedy,  R.T.  Anal.  Chem.  1998,  70, 
4540. 
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Figure  2-5  Thrombin  aptamer  assay  employing  a dilute  polymer  HPMC  buffer. 

(A)  Electropherogram  of  2 pM  aptamer  in  a TBE/K  0.6%  HPMC  pH  8.3  buffer. 

(B)  Upon  addition  of  3 pM  thrombin,  a decrease  in  the  aptamer  is  detected  as 
well  as  the  aptamer  complex.  (C)  Competition  experiment  in  which  an  excess  of 
unlabeled  aptamer  (4.5  pM)  is  added  and  a subsequent  decrease  in  the  labeled 
complex  is  detected. 
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Figure  2-6  Effect  of  polymer  gel  on  complex  detection.  (A)  Assay  in  a 5 mM 
Na2HPC>4,  5 mM  KH2PO4,  MgCE  pH  8.2  buffer  without  any  additive.  (B) 
Assay  utilizing  a TBE/K  0.6%  HPMC  pH  8.3  separation  buffer. 
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Figure  2-7  Thrombin  aptamer  assay  on  an  unmodified  capillary  employing  the 
TGK  separation  buffer.  The  capillary  was  37  cm  total  with  a 30  cm  effective 
length.  A Is  pressure  injection  was  used  and  the  separation  voltage  was  16.5 
kV.  The  aptamer  concentration  was  2 pM  for  all  separations.  (A)  0 pM 
thrombin  (B)  1 pM  thrombin  (C)  2 pM  thrombin. 
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Figure  2-8  Thrombin  aptamer  assay  on  an  unmodified  capillary  with  a TGK  pH 
8.4  buffer.  Separation  conditions  were:  3 s 2.5  kV  injection,  13  kV  separation,  7 
cm  effective  distance  with  a total  capillary  length  of  37  cm.  (A)  2 pM  aptamer 
(B)  2 pM  aptamer  and  2 pM  thrombin.  Riboflavin  (5  pM)  was  employed  as  the 
internal  standard. 
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Figure  2-9  Thrombin  aptamer  assay  on  a polyacrylamide  coated  capillary.  The 
separation  buffer  was  TGK  pH  8.4  and  the  effective  separation  distance  was  7 
cm  with  a total  capillary  length  of  27  cm.  Injections  were  5 s at  2.5  kV  and  a 
400  V/cm  electric  field  was  used  for  the  separations.  (A)  1 pM  aptamer  (B)  1 
pM  aptamer  and  550  nM  thrombin. 


CHAPTER  3 

INVESTIGATING  THE  EFFECTS  OF  ELECTRIC  FIELD,  COLUMN  TIME,  pH,  AND 
BUFFER  COMPOSITION  ON  APTAMER  COMPLEX  STABILITY 

Introduction 

Capillary  electrophoresis  with  laser  induced  fluorescence  detection  (LIF)  has 
emerged  as  a valuable  technique  for  performing  affinity  assays  (Schultz  and  Kennedy, 
1993;  Shimura  and  Karger,  1994;  Evangelista  and  Chen,  1994;  Tao  and  Kennedy,  1996; 
Schmalzing  et  al.,  1 995).  Both  competitive  and  noncompetitive  immunoassays  may  be 
performed.  Most  work  utilizes  the  competitive  format  in  which  antigen  (Ag)  of  interest 
is  mixed  with  a labeled  form  (Ag*)  and  a limited  concentration  of  antibody  (Ab)  setting 
up  a competition  for  binding  to  Ab.  CE  separation  yields  two  zones:  free  Ag*  and  Ab- 
Ag*  complex,  and  Ag  is  quantitated  indirectly  by  the  relative  size  of  the  Ab-Ag*  and 
Ag*  peaks.  In  contrast,  the  noncompetitive  assay  incorporates  a labeled  antibody  (Ab*) 
to  react  with  Ag.  In  this  case  the  antigen  may  be  quantitated  directly  by  measuring  the 
Ab*-Ag  complex  which  is  separated  from  the  free  Ab*.  Noncompetitive  assays  offer 
several  advantages  over  competitive  assays  including  larger  linear  dynamic  range  (since 
the  complex  is  separated  and  detected  directly),  the  ability  to  distinguish  between  cross- 
reactive species,  and  detection  limits  that  are  less  dependent  on  binding  affinities 
(Shimura  and  Karger,  1994).  Despite  these  advantages,  noncompetitive  immunoassays 
have  only  rarely  been  implemented.  Since  antibodies  are  difficult  to  fluorescently  label, 
noncompetitive  assays  are  tedious  to  develop.  Also  separating  the  free  Ab*  and  Ab*-Ag 
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complex  may  be  difficult  due  to  small  changes  in  the  electrophoretic  mobility  of  Ab* 
upon  binding  with  the  small  Ag. 

To  overcome  these  disadvantages,  several  techniques  have  been  investigated  to 
improve  the  use  of  antibodies  for  noncompetitive  assays.  Homogenous,  labeled  affinity 
probes  have  been  reported  when  thiol  specific  labeling  reagents  such  as  5- 
iodoacetamidofluorescein  have  been  used  to  fluorescently  tag  antibodies  or  antibody 
fragments  (Shimura  and  Karger,  1994;  Hafner  et  al.,  2000;  Tim  et  al.,  2000).  To  aid  in 
the  separation  of  Ab*  and  Ab*-Ag,  a “shift  ligand”  can  be  added  to  the  separation  buffer 
(Hafner  et  al.,  2000;  Tim  et  al.,  2000).  This  charged  competitive  ligand  binds  with  weak 
affinity  to  the  binding  site  of  Ab*  increasing  the  electrophoretic  mobility  of  Ab*.  Upon 
incubation  with  Ag  and  formation  of  Ab*-Ag,  the  weaker  affinity  shift  ligand  is 
effectively  blocked  from  binding  with  the  complexed  antibody;  however,  the  free  Ab* 
can  interact  with  the  charged  ligand.  The  electrophoretic  mobility  difference  between  the 
“shift  ligand”- Ab*  complex  and  Ab*-Ag  is  considerably  larger  enhancing  the  separation 
of  Ab*  from  Ab*-Ag. 

In  addition  to  these  methods,  alternatives  to  antibodies  have  been  pursued.  In 
particular,  we  have  previously  reported  using  aptamers  as  affinity  probes  (German  et  al., 
1998).  Aptamers  are  single-stranded  oligonucleotide  sequences  developed  with  the 
combinatorial  technique  SELEX  (systematic  evolution  of  ligands  by  exponential 
enrichment)  to  bind  with  a target  molecule  with  high  specificity  and  affinity  (Gold  and 
Tuerk,  1990;  Ellington  and  Szostak,  1990).  Aptamers  appear  to  be  quite  versatile  as  they 
have  been  developed  for  numerous  targets  including  peptides,  proteins,  organic  dyes,  and 
small  molecules  (Tuerk  et  al.,  1992;  Nieuwalandt  et  al.,  1995;  Williams  et  al.,  1997; 
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Ellington  and  Szostak,  1992;  Famulok,  1994;  Sassanfar  and  Szostak,  1993;  Huizenga  and 
Szostak,  1995;  Jenison  et  al.,  1994). 

In  comparison  to  antibodies,  aptamers  posses  several  advantages  making  them 
attractive  for  incorporation  into  noncompetitive  CE  affinity  assays.  Automated  chemical 
synthesis  techniques  are  rapid  and  relatively  inexpensive  and  enable  facile  labeling  of  the 
aptamer  with  fluorescent  dyes.  Also  aptamers  are  low  molecular  weight  ligands  (7.5  - 32 
kDa)  which  aids  in  maximizing  the  resolution  of  the  complex  from  the  free  aptamer 
during  the  electrophoretic  separation.  Previously  in  our  lab,  noncompetitive  CE  aptamer 
assays  for  the  proteins  IgE  and  thrombin  were  successfully  developed  (German  et  al., 

1 998).  Unfortunately,  the  aptamer-analyte  complex  was  not  detected  unless 
hydrodynamic  flow  was  used  to  force  the  complex  through  the  column.  Though  the 
flow-assisted  method  allowed  quantification  of  the  complex,  it  was  an  inconvenient 
procedure  that  eliminated  some  of  the  advantages  of  CE.  Improving  the  separation 
conditions  to  eliminate  the  use  of  vacuum  assisted  flow  was  sought  in  order  to  enhance 
the  applicability  of  aptamers  for  analytical  diagnostic  tools.  By  investigating  several 
electrophoresis  buffers,  separation  conditions  were  found  in  which  the  aptamer  complex 
integrity  was  maintained  and  detected  over  the  time  course  of  the  separation  without  any 
additional  flow  enhancement.  The  developed  affinity  assays  were  further  evaluated  by 
investigating  the  effects  of  pH,  electric  field  strength  and  column  time  on  the  complex. 

Materials  and  Methods 

Chemicals 

A 10X  Tris/glycine  buffer  was  purchased  from  Bio-Rad  Laboratories  (Hercules, 
CA).  Potassium  diphosphate,  sodium  diphosphate,  sodium  fluorescein  , MOPS  (3-[N- 
morpholinojpropanesulfonic  acid),  and  thrombin  from  human  plasma  (0.26  mg/mL)  were 
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purchased  from  Sigma  Chemical  (St.  Louis,  MO).  Potassium  phosphate  monobasic  and 
sodium  phosphate  dibasic  were  purchased  from  Fisher  chemical  (Pittsburgh,  PA). 

BCECF  (2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein)  was  purchased  from 
Molecular  Probes  (Eugene,  OR)  and  5(6)-carboxyfluorescein  was  purchased  from 
Aldrich  Chemical  (Milwaukee,  WI).  Human  myeloma  IgE  (1.5  mg/mL)  was  from 
Athens  Research  and  Technology  (Athens,  GA).  Aptamers  were  synthesized, 
fluorescently  labeled,  and  purified  by  Integrated  DNA  Technologies  (Coralville,  IA). 

The  fluorescein  label  was  chemically  attached  to  the  5’  end  of  the  thrombin  binding 
aptamer  (5’GGTTGGTGTGGTTGG-3’).  For  the  IgE  binding  aptamer  the  fluorescein 
label  was  attached  via  an  ethylene  glycol  spacer  to  the  5’  end  (5’GGGGCACGTTTAT 
CCGTCCCTCCTAGTGGCGTGCCCC-3’).  All  solutions  were  prepared  with  deionized 
water  purified  with  a Milli-Q  Plus  system  (Millipore  Corp.,  Marlborough,  MA). 

Aptamer  preparation 

Before  beginning  aptamer  experiments,  a 4 pM  stock  of  the  DNA  aptamer  in 
electrophoresis  buffer  (TGK,  phosphate  or  MOPS)  was  prepared  and  annealed  by  heating 
at  72  °C  for  2.5  min  and  cooling  to  ambient  temperature.  For  the  thrombin  aptamer 
assay,  experimental  samples  consisted  of  1 pM  thrombin  aptamer  from  the  annealed 
stock  solution,  192  nM  BCECF  (internal  standard),  and  0-1.25  pM  thrombin.  IgE 
aptamer  samples  consisted  of  1 pM  IgE  aptamer  from  the  annealed  stock  solution,  46  nM 
fluorescein  (internal  standard),  and  0-300  nM  IgE. 

Apparatus 

All  separations  were  performed  with  a Beckman  P/ACE  2200  capillary 
electrophoresis  system  (Beckman  Coulter  Fullerton,  CA).  Bare,  fused  silica  capillaries 


55 


(50  pm  i.d.,  360  pm  o.d.)  from  Polymicro  Technologies  (Phoenix,  AZ)  were  37  cm  in 
total  length  unless  otherwise  indicated.  While  the  total  length  of  the  capillary  remained 
37  cm,  the  effective  length  of  the  capillary  was  changed  from  30  cm  to  7 cm  by  reversing 
the  polarity  of  the  electrodes.  Capillaries  were  pretreated  by  rinsing  with  1 M NaOH, 
deionized  H2O,  and  buffer  for  1 0 min  each.  Between  each  electrophoretic  separation  the 
capillary  was  rinsed  with  base,  water,  and  buffer  again  for  3 min  each  to  remove  any 
residual  sample  from  the  capillary  walls.  The  separation  buffer  contained  25  mM  Tris, 
192  mM  glycine,  5 mM  K2HPO4,  pH  8.4  (TGK)  unless  otherwise  stated.  Samples  were 
injected  electrokinetically  for  5s  at  2.5  kV.  Laser  induced  fluorescence  (LIF)  detection 
employed  the  488  nm  excitation  line  of  a 3 mW  Argon  Ion  laser  (Beckman-Coulter)  and 
emission  was  collected  at  520  nm.  Data  was  recorded  and  analyzed  with  P/ACE  software 
(Beckman-Coulter). 

Results  and  Discussion 

Buffer  Effects 

In  traditional  slab  gel  electrophoresis,  the  buffer  composition  has  been  found  to  be 
highly  important  in  forming  DNA-protein  complexes  (Lane  et  al.,  1992);  therefore,  the 
effects  of  several  buffers  on  formation  and  detection  of  a thrombin-aptamer  complex 
were  investigated.  The  electropherograms  obtained  for  the  thrombin  aptamer  assay  in  a 
TGK  buffer  (25  mM  Tris,  192  mM  glycine,  5 mM  K2HPO4,  pH  8.4),  phosphate  buffer  (5 
mM  Na2HP04  and  5 mM  KH2P04,  pH  8.4)  and  MOPS  buffer  (10  mM  MOPS,  5 mM 
K2HPO4,  Et3N,  pH  8.4)  are  shown  in  Figure  3-1 . In  the  TGK  buffer  (Figures  3-1 A and  3- 
1B),  upon  addition  of  550  nM  thrombin  to  1 pM  aptamer  (3- IB),  a decrease  in  the  free 
aptamer  peak  (A*)  is  apparent  and  the  bridged  complex  peak  (C)  elutes  before  A*. 
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Smaller  decreases  in  A*  were  observed  and  smaller  complexes  were  detected  when 
employing  the  phosphate  (3- 1C  and  3- ID)  or  MOPS  buffer  (3- IE  and  3- IF).  (The 
electroosmotic  flow  was  suppressed  in  the  MOPS  buffer  so  it  was  necessary  to  employ 
another  internal  standard  (IS)  than  in  the  other  buffers.  For  the  TGK  and  phosphate 
buffer,  192  nM  BCECF  (Figure  3-2)  was  used.  However,  in  the  MOPS  buffer  the 
BCECF  was  undetectable  so  146  nM  5(6)-carboxyfluorescein  (Figure  3-2)  was  used,  and 
with  these  separation  conditions  the  IS  migrated  before  the  complex  and  the  free 
ap  tamer.) 

The  percent  decrease  in  A*  with  addition  of  thrombin  can  be  used  as  a measure  of 
the  complex  being  formed  in  solution.  Peak  height  ratios  (peak  height  A*  / peak  height 
IS)  were  calculated  for  A*  with  and  without  the  thrombin  present  in  all  the  investigated 
buffers  in  order  to  determine  the  percent  decrease  in  A*  upon  complex  formation. 


Percent  decreases  for  A*  were  calculated  as  68%  in  the  TGK  buffer  (Figures  3-1 A and  3- 
1B),  46%  in  the  phosphate  buffer  (3- 1C  and  3-1 D)  and  26%  in  the  MOPS  buffer  (3- IE 
and  3- IF).  With  a dissociation  constant  of  200  nM  (Bock  et  al.,  1992),  an  aptamer 
concentration  of  1 pM,  and  550  nM  thrombin,  410  nM  of  complex  is  theoretically 
expected  corresponding  to  a 41%  decrease  in  A*.  A larger  decrease  in  A*  was  measured 
in  the  TGK  buffer  suggesting  more  complex  is  being  formed  and  the  published  Kj,  which 
was  determined  in  a 20  mM  Tris-acetate,  140  mM  NaCl,  5 mM  KC1,  1 mM  CaCl2,  1 mM 
MgCl2  pH  7.4  buffer,  may  not  accurately  describe  the  affinity  of  the  aptamer  and 


% decrease  A*  = 1 - 

V 


( 


Pk  Ht  A * (with  protein)  \ | qq 
Pk  Ht  A * (without  protein) , 


(3.1) 


57 

thrombin  in  TGK.  The  effects  of  buffer  composition  on  the  thrombin  complex  are 
summarized  in  Table  3-1. 

Table  3-1  Summary  of  the  effects  of  buffer  composition  on  the  thrombin  aptamer 
complex. 


Buffer 

Pk  Ht  A* 
(with  protein) 

Pk  Ht  A* 
(without  protein) 

% Decrease 

Pk  Ht 
Complex 

TGK 

1.59 

4.92 

68 

0.462 

Phosphate 

3.25 

6.00 

46 

0.228 

MOPS 

2.16 

2.91 

26 

0.163 

A similar  trend  was  observed  with  a higher  affinity  DNA  oligonucleotide  specific 
for  IgE  (Kd  = 10  nM)  (Wiegand  et  al.,  1996).  In  the  TGK  buffer,  upon  addition  of  IgE 
(175  nM)  to  1 pM  IgE  aptamer  (A*),  a well  resolved  complex  (C)  was  detected  (Figure 
3-3B).  No  bridging  of  the  complex  and  free  aptamer  is  apparent  as  with  the  lower 
affinity  thrombin  aptamer.  Again  the  largest  aptamer  complex  was  detected  in  the  TGK 
buffer  compared  to  the  phosphate  (Figure  3-3C  and  3-3D)  and  MOPS  (Figure  3-3E  and 
3-3F)  buffers.  Theoretically,  with  a dissociation  constant  of  10  nM,  1 pM  aptamer  , and 
175  nM  thrombin,  170  nM  of  complex  should  be  formed  and  a 17%  decrease  in  A* 
would  be  predicted.  A 52%  decrease  in  A*  was  measured  in  TGK  (Figures  3-3A  and  3- 
3B)  with  decreases  upon  protein  addition  of  43%  and  51%  with  the  phosphate  (3-3C  and 
3-3D)  and  MOPS  buffer  (3-3E  and  3-3F)  respectively.  Though  similar  decreases  in  A* 
were  observed  in  the  three  buffers,  the  largest  complex  was  detected  in  the  TGK  buffer  in 
which  the  peak  height  ratios  of  the  complex  (peak  height  of  complex  versus  the  peak 
height  of  the  IS)  were  determined  as  0.80  in  TGK,  0.71  in  phosphate,  and  0.10  in  MOPS. 
As  with  the  thrombin  binding  aptamer,  a larger  decrease  in  the  free  aptamer  occurred 
than  would  be  predicted.  Figures  3-3B,  3-3D,  and  3-3F  show  the  base  of  the  aptamer  is 


wider  upon  addition  of  the  protein  suggesting  other  processes  such  as  adsorption  to  the 
capillary  walls  may  be  contributing  to  the  large  decrease  in  the  height  of  the  A*  peak. 
The  effects  of  buffer  composition  on  the  IgE  aptamer  are  summarized  in  Table  3-2. 
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Table  3-2  Summary  of  the  effects  of  buffer  composition  on  the  IgE  aptamer  complex. 


Buffer 

Pk  Ht  A* 
(with  protein) 

Pk  Ht  A* 
(without  protein) 

% Decrease 

Pk  Ht 
Complex 

TGK 

1.68 

3.47 

52 

0.665 

Phosphate 

1.82 

3.16 

43 

0.712 

MOPS 

1.18 

2.41 

26 

0.102 

pH  Effects 

To  determine  the  effects  of  pH  on  the  complex,  the  TGK  buffer  pH,  typically  pH 
8.4,  was  altered  by  the  addition  of  NaOH  or  HC1  to  achieve  a pH  of  9.4  or  7.6 
respectively.  Figure  3-4B  depicts  the  thrombin  aptamer  complex  (C)  formed  in  the  TGK 
buffer  at  a pH  of  8.4  when  1 pM  aptamer  and  550  nM  thrombin  are  mixed  together.  If 
the  same  concentrations  of  aptamer  and  protein  are  mixed  and  the  separation  is 
performed  at  the  lower  pH  of  7.6,  a very  small  complex  was  observed  (Figure  3-4A). 
Also  at  the  lower  pH  smaller  signals  were  produced  for  all  the  peaks,  which  may  be  a 
result  of  the  suppressed  electroosmotic  flow  and  less  sample  being  injected  onto  the 
capillary.  The  increased  electroosmotic  flow  at  a pH  of  8.4  may  be  aiding  in  the 
migration  of  the  complex  and  reducing  any  complex  dissociation  thus  producing  a larger 
complex.  At  the  high  alkaline  pH  of  9.4  (Figure  3-4C)  no  complex  is  detected.  To 
further  illustrate  the  smaller  complexes  being  formed  in  the  pH  7.6  and  9.4  buffers,  the 
percent  decrease  in  A*  was  measured.  At  a pH  of  7.6  a 3 % decrease  was  calculated  with 
68  % and  16  % decreases  measured  at  pH  8.4  and  9.4  respectively. 
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Effects  of  Electroosmotic  Flow 

The  largest  aptamer-thrombin  complex  was  detected  when  employing  the  TGK 
pH  8.4  buffer,  but  the  complex  and  free  peaks  (Figure  3-1 B)  are  not  baseline  resolved 
and  a bridging  effect  is  apparent.  This  bridging  effect  is  likely  due  to  dissociation  of  the 
relatively  weak  complex  (Kd  = 200  nM)  over  the  course  of  the  separation  (Bock  et  al., 
1992).  Adsorption  of  proteins  occurs  quite  readily  when  employing  unmodified,  fused 
silica  capillaries.  If  the  thrombin  is  adsorbing  to  the  capillary  surface,  dissociation  of  the 
thrombin-aptamer  may  be  induced.  Coated  capillaries  are  one  possible  alternative  to 
reduce  absorption  of  the  thrombin  to  the  capillary  walls  (Hjerten,  1985;  Cobb  et  al., 

1990;  Schmalzing  et  al.,  1993;  Malik  et  al.,  1993);  however,  coating  the  capillary  also 
reduces  EOF  possibly  increasing  the  time  the  complex  spends  on  the  column.  Under 
these  separation  conditions,  the  complex  now  migrates  after  the  free  aptamer  as  the 
separation  is  in  the  direction  of  the  cathode  and  thus  the  more  negative  analyte  (the 
aptamer)  has  the  greatest  mobility  and  is  detected  first. 

Using  the  TGK  pH  8.4  buffer,  a polyacrylamide  coated  capillary  was  employed 
for  the  thrombin  CE  aptamer  assay.  Figure  3-5A  depicts  1 pM  free  aptamer  (A*)  under 
no  flow  conditions.  Upon  addition  of  550  nM  thrombin  (Figure  3-5B),  a decrease  in  the 
free  aptamer  is  apparent  (51  % measured  decrease  in  A*)  but  a well-formed  complex 
peak  is  not  detected.  The  A*  peak  is  tailing  relative  to  the  free  aptamer  in  the  absence  of 
the  protein.  This  tailing  may  be  indicative  of  any  formed  complex  still  dissociating  on 
column.  In  our  previous  experiments  a coated  capillary  was  employed  and  the  applied 
vacuum  was  necessary  to  instill  flow  conditions  into  the  capillary  and  move  the  complex 
through  the  column  (German  et  al.,  1998).  However,  with  the  TGK  buffer  and  flow 
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conditions  (Figure  3-1 B),  the  thrombin-aptamer  complex  is  being  formed  and  the  EOF  is 
aiding  in  the  movement  and  subsequent  detection  of  the  complex.  Reducing  complex 
dissociation  with  coated  capillaries  is  not  advantageous,  as  it  appears  electroosmotic  flow 
in  the  capillary  aids  in  complex  detection. 

Capillary  electrophoresis  with  replaceable  polymer  gel  networks  is  another 
technique  that  may  aid  in  the  reduction  of  complex  dissociation.  These  polymer  gels 
“cage”  the  complex  preventing  the  protein  and  the  aptamer  from  migrating  away  from 
each  other  upon  complex  dissociation  making  association  highly  favorable  (Fried  and 
Bromberg,  1981;  Fried  and  Crothers,  1997).  Generally  to  employ  these  replaceable  gels 
a coated  capillary  is  necessary  to  prevent  electroosmotic  flow.  Under  these  conditions, 
the  complex  was  again  undetected  (Figure  3-6B)  so  no  improvements  were  found  when 
employing  the  use  of  a gel  network. 

Assay  Quantification 

Figure  3-7  shows  the  calibration  curve  for  the  thrombin-aptamer  assay  with  a 
linear  dynamic  range  from  0 to  1.25  pM.  Quantitating  the  free  aptamer  above  protein 
concentrations  of  1 .25  pM  was  difficult  due  to  an  impurity  peak,  which  was  a byproduct 
of  the  synthesis.  A complex  limit  of  detection  of  70  nM  was  calculated  as  two  times  the 
calibration  sensitivity.  However,  a detection  limit  of  4 nM  was  determined  for  the  free 
aptamer,  suggesting  the  complex  limit  of  detection  appears  to  be  limited  by  the  stability 
of  the  complex  and  not  by  the  instrument  sensitivity. 

The  linear  dynamic  range  for  the  IgE  aptamer  assay  was  0-250  nM  with  saturation 
occurring  at  IgE  concentrations  above  250  nM  (Figure  3-8).  A detection  limit  of  5 nM 
was  determined  for  the  Ige-aptamer  complex  and  6 nM  for  the  free  aptamer.  The 
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sensitivity  of  the  instrument  is  the  limiting  factor  in  the  detection  of  the  IgE  complex  and 
aptamer  as  their  detection  limits  are  comparable  to  that  found  for  fluorescein  (2  nM). 

The  detection  limits  for  both  aptamer  assays  may  be  improved  with  a more  sensitive 
detection  scheme  than  that  found  with  the  commercial  CE  instrument  used  in  our 
experiments. 

Field  and  time  effects 

Buffer  composition,  pH,  and  electroosmotic  flow  have  been  shown  to  affect  the 
formation  and  detection  of  the  aptamer  complex.  Other  factors  that  may  affect  the 
complex  are  the  electric  field  strength  and  the  time  spent  on  the  column.  High  electric 
fields  can  be  advantageous  due  to  the  decreased  separation  times  and  higher  peak 
efficiencies;  however,  high  electric  fields  may  shear  the  complex  inducing  dissociation. 

In  contrast  with  weak  electric  fields  the  complex  may  be  spending  too  much  time  on  the 
column  resulting  in  partial  or  complete  dissociation. 

To  investigate  the  effects  of  electric  field  and  time  on  the  aptamer  complex,  a 
sample  consisting  of  1 pM  aptamer,  175  nM  IgE,  and  46  nM  fluorescein  (IS)  was 
separated  on  three  different  capillary  effective  lengths  (7,  20,  and  30  cm)  with  electric 
fields  ranging  from  125  - 600  V/cm.  For  analysis  of  7 cm  and  30  cm  effective  lengths,  a 
37  cm  capillary  was  employed  so  separation  voltages  ranged  from  4.6  - 22.5  kV.  The 
capillary  was  cut  in  order  to  obtain  a 20  cm  effective  length  thus  changing  the  total 
capillary  length  to  27  cm.  Separation  voltages  were  altered  to  maintain  the  same  field 
strength  on  the  20  cm  separation  as  in  the  7 and  30  cm  separations.  By  changing  the  field 
and  the  length  of  the  separation  capillary,  the  time  the  complex  spent  on  the  column  was 
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also  altered.  The  peak  height  ratio  of  the  complex  versus  the  IS  was  used  for 
quantification. 

With  increasing  electric  field  strength,  no  adverse  effects  were  observed  for  the 
aptamer  complex.  Only  small  changes  in  the  peak  height  ratio  were  observed  for  each 
capillary  effective  length  over  the  electric  field  range  (Figure  3-9).  However,  a large 
difference  in  the  complex  peak  height  was  measured  for  the  three  separate  separation 
distances.  For  example,  with  a 460  V/cm  electric  field,  complex  peak  heights  were 
measured  as  0.79,  0.55,  and  0.34  for  7,  20,  and  30  cm  effective  lengths  respectively.  By 
lengthening  the  separation  distance,  the  total  time  the  complex  spends  on  the  column  was 
increased.  At  460  V/cm,  complex  migration  times  were  37  s,  94  s,  and  140  s for  the  7, 

20,  and  30  cm  separation  distances.  This  suggested  a relationship  of  complex  stability 
with  respect  to  total  column  time.  With  increasing  column  time,  the  peak  height  of  the 
complex  decreased  rapidly  until  reaching  a plateau  after  200  s (Figure  3-10).  However, 
no  trend  was  observed  for  the  free  aptamer  (Figure  3-11)  further  suggesting  complex 
stability  decreases  with  increased  column  time  due  to  complex  dissociation.  Upon 
analyzing  the  free  aptamer  peak  with  respect  to  electric  field,  again  no  large  changes  in 
peak  height  were  observed  (Figure  3-12). 

With  this  range  of  electric  fields  (150-600  V/cm),  no  detrimental  effects  were 
observed  for  the  aptamer  complex;  however,  column  time  does  effect  the  detectable 
concentration  of  the  complex.  Shorter  separation  distances  with  mid  range  fields  (~  400 
V/cm)  appear  optimal  for  maximum  complex  detection  and  quantitation. 
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Conclusions 

In  previous  CE  aptamer  assays,  a flow-assisted  method  was  necessary  in  order  to 
detect  the  aptamer  complex.  However,  by  employing  a TGK  pH  8.4  electrophoresis 
buffer,  two  noncompetitive  aptamer  assays,  one  for  the  lower  affinity  thrombin  aptamer 
and  the  other  for  the  higher  affinity  IgE  aptamer,  were  developed.  Both  assays  were 
quantitative  with  limits  of  detection  for  the  thrombin-aptamer  complex  of  70  nM  and  5 
nM  for  the  Ige-aptamer  complex.  Bridging  between  the  thrombin-aptamer  complex  and 
the  free  aptamer  occurred  indicating  the  dissociation  of  the  complex  over  the  course  of 
the  separation.  The  detectable  complex  concentration  was  affected  by  the  time  spent  on 
the  separation  column  but  not  by  the  electric  field  used  for  the  separation.  At  shorter 
separation  times  a large  complex  was  detected;  however,  with  increasing  column  time  the 
complex  peak  height  dissipated  rapidly  until  plateauing.  By  characterizing  these 
variables  for  their  affects  on  the  complex,  conditions  were  found  for  detecting  the 
thrombin  and  IgE  aptamer  complexes.  These  optimized  separation  conditions  may  be 
useful  for  other  aptamer  systems  and  analytical  applications. 
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Figure  3-1  Thrombin-aptamer  assay  in  TGK  pH  8.4  buffer  (A,B),  phosphate 
buffer  pH  8.4  (C,D),  and  MOPS  pH  8.4  buffer  (E,F).  The  aptamer  (A*) 
concentration  was  1 pM  for  all  separations,  and  550  nM  thrombin  was  used  for 
complex  formation  (B,D,F).  The  internal  standard  (IS)  was  192  nM  BCECF  for 
the  TGK  and  phosphate  buffers  but  146  nM  5(6)-carboxyfluorescein  for  the 
MOPS  buffer.  The  effective  capillary  length  was  7 cm.  Injections  were  5 s at 
2.5  kV  and  a 351  V/cm  field  was  used  for  the  separations. 
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Figure  3-2  Chemical  structures  of  BCECF,  fluorescein,  and  5(6)- 
carboxyfluorescein. 
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Figure  3-3  IgE-aptamer  assay  in  TGK  pH  8.4  buffer  (A,B),  phosphate  buffer  pH 
8.4  (C,D),  and  MOPS  pH  8.4  buffer  (E,F).  The  aptamer  (A*)  concentration  was 
1 p.M  for  all  separations,  and  175  nM  IgE  was  used  for  complex  formation 
(B,D,F).  The  internal  standard  (IS)  was  46  nM  fluorescein.  The  effective 
capillary  length  was  7 cm.  Injections  were  5 s at  2.5  kV  and  a 350  V/cm  field 
was  used  for  the  separations. 
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Figure  3-4  pH  effects  on  the  thrombin  aptamer.  A TGK  buffer  was  used  for  all 
separations  and  the  pH  was  adjusted  accordingly.  (A)  pH  7.6  (B)  pH  8.4  (C)  pH 
9.4  Each  electropherogram  is  1 pM  aptamer  and  550  nM  thrombin.  BCECF 
was  used  as  the  internal  standard  for  B and  C,  but  4(5)-carboxyfluorescein  was 
used  in  A.  The  effective  capillary  length  was  7 cm.  Injections  were  5 s at  2.5 
kV  and  a 350  V/cm  field  was  used  for  the  separations. 
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Figure  3-5  Thrombin  aptamer  assay  on  a polyacrylamide  coated  capillary.  The 
separation  buffer  was  TGK  pH  8.4  and  the  effective  separation  distance  was  7 
cm  with  a total  capillary  length  of  27  cm.  Injections  were  5 s at  2.5  kV  and  a 
400  V/cm  field  was  used  for  the  separations.  (A)  1 pM  aptamer  (B)  1 pM 
aptamer  and  550  nM  thrombin. 
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Figure  3-6  Thrombin  aptamer  assay  on  a polyacrylamide  coated  capillary  with 
a dilute  polymer  solution.  The  separation  buffer  was  TGK,  0.6  % HPMC  pH  8.4 
and  the  effective  separation  distance  was  7 cm  with  a total  capillary  length  of  27 
cm.  Injections  were  5 s at  2.5  kV  and  a 400  V/cm  field  was  used  for  the 
separations.  (A)  1 pM  aptamer  (B)  1 pM  aptamer  and  550  nM  thrombin. 
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Figure  3-7  Calibration  curve  for  the  thrombin  aptamer  assay.  The  aptamer 
concentration  was  1 pM  and  the  thrombin  concentration  was  varied  from  0-1.25 
pM.  Injections  were  5 s at  2.5  kV  and  a 365  V/cm  electric  field  was  employed 
for  all  separations.  The  injector  to  detector  length  was  30  cm  (37  cm  total). 

Peak  heights  were  corrected  for  any  variations  in  injection  by  dividing  by  the 
peak  height  of  the  internal  standard.  Each  measurement  is  the  average  corrected 
peak  height  of  three  electropherograms  (n=3). 


71 


(/) 

X 

0) 

a 

E 

o 

o 


[IgE]  (nM) 


Figure  3-8  Calibration  curve  for  the  IgE  aptamer  assay.  The  aptamer 
concentration  was  1 pM  and  the  IgE  concentration  was  varied  from  0-300  nM. 
Saturation  occurred  at  concentrations  above  250  nM  IgE.  Injections  were  5 s at 
2.5  kV  and  a 365  V/cm  electric  field  was  employed  for  all  separations.  The 
injector  to  detector  length  was  7 cm  (37  cm  total).  Peak  heights  were  corrected 
for  any  variations  in  injection  by  dividing  by  the  peak  height  of  the  internal 
standard.  Each  measurement  is  the  average  corrected  peak  height  of  three 
electropherograms  (n=3). 
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Figure  3-9  Effect  of  electric  field  on  the  IgE-aptamer  complex.  The  electric 
field  was  varied  from  125-600  V/cm.  Samples  contained  1 pM  aptamer,  175 
nM  Ige,  and  46  nM  fluorescein.  The  complex  peak  height  is  a ratio  of  the 
complex/IS  heights  to  correct  for  changes  in  flow  and  injection. 
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Figure  3-10  Effect  of  column  time  on  the  IgE-aptamer  complex.  The  time  the 
complex  spent  on  the  column,  which  ranged  from  46-  519s,  was  varied  by 
changing  the  length  of  the  separation  capillary  as  well  as  the  employed  electric 
field,  which  varied  from  125-600  V/cm.  After  200  s or  longer  on  the  column, 
the  complex  peak  height  was  observed  to  plateau.  Samples  contained  1 pM 
aptamer,  175  nM  Ige,  and  46  nM  fluorescein.  The  complex  peak  height  is  a 
ratio  of  the  complex/IS  heights  to  correct  for  changes  in  flow  and  injection. 
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Figure  3-1 1 Effect  of  column  time  on  the  free  IgE-aptamer.  The  free  aptamer 
migration  times  ranged  from  60-  1300  s.  The  migration  time  was  varied  by 
changing  the  length  of  the  separation  capillary  as  well  as  the  separation  voltage 
(the  electric  field  ranged  from  125-600  V/cm).  Samples  contained  1 pM 
aptamer,  175  nM  Ige,  and  46  nM  fluorescein.  The  complex  peak  height  is  a 
ratio  of  the  complex/IS  heights  to  correct  for  changes  in  flow  and  injection. 
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Figure  3-12  Effect  of  electric  field  on  the  free  IgE-aptamer.  The  electric  field 
was  varied  from  125-600  V/cm.  Samples  contained  1 pM  aptamer,  175  nM  Ige, 
and  46  nM  fluorescein.  The  complex  peak  height  is  a ratio  of  the  complex/IS 
heights  to  correct  for  changes  in  flow  and  injection. 


CHAPTER  4 

INVESTIGATING  ADENOSINE  BINDING  APTAMERS  WITH  AFFINITY 
CAPILLARY  ELECTROPHORESIS 

Introduction 

Aptamers  are  short,  typically  single-stranded,  oligonucleotides  generated  with  in 
vitro  selection  or  systematic  evolution  of  ligands  by  exponential  enrichment  (SELEX) 
(Ellington  and  Szostak,  1990;  Tuerk  and  Gold,  1990).  SELEX  is  an  iterative  process  in 
which  a pool  of  randomized  oligonucleotides  is  screened  for  a specific  analyte  ultimately 
producing  a few  (typically  10-15)  higher  affinity  oligonucleotides  selective  for  the 
analyte.  Aptamers  have  been  developed  for  an  array  of  target  molecules  such  as  organic 
dyes,  proteins,  nucleotides,  and  sugars  (Ellington  and  Szostak,  1992;  Bock  et  al,  1992; 
Nieuwlandt  et  al.,  1995;  Sassanfar  and  Szostak,  1993;  Ciesiolka  and  Yarns,  1996; 
Williams  et  al,  1997;  Morris  et  al,  1998). 

Oligonucleotides  can  be  comprised  of  adenine  (A),  guanine  (G),  cytosine  (C), 
thymine  (T)  (DNA  oligonucleotides)  or  uracil  (U)  (RNA  oligonucleotides).  The  diversity 
of  an  aptamer  selection  is  limited  by  constructing  the  oligonucleotide  library  with  these 
standard  building  blocks.  One  method  to  enrich  the  diversity  of  oligonucleotides  is  to 
employ  functionalized,  nonstandard  bases.  One  functionalized  nucleotide  that  has  been 
developed  is  5-(3”-aminopropynyl)-2’-deoxyuridine  (dJ),  an  analog  of  uracil  containing  a 
positively  charged  side  chain  (Figure  4-1).  Battersby  et  al.  (1999)  developed  and 
incorporated  the  “dJ”  nucleotide  into  a DNA  aptamer  selected  against  ATP,  ADP,  and 
AMP  in  which  “J”  was  used  in  place  of  thymine.  The  employed  selection  method  was 
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similar  to  that  used  previously  by  Huizenga  and  Szostak  (1995)  to  develop  a standard 
base  DNA  aptamer  for  ATP.  The  nucleotides  (ATP,  ADP,  and  AMP)  are  negatively 
charged  ligands;  therefore,  when  binding  with  a standard  DNA  aptamer,  which  is  also 
negatively  charged,  a weak  complex  could  be  formed  due  to  the  repulsion  of  like  charges. 
However,  with  the  positively  charged  functionality  of  the  J base,  enhancement  in  binding 
may  be  possible  between  the  aptamer  and  the  negatively  charged  analytes.  The  aim  of 
this  work  was  to  measure  the  binding  affinity  of  the  nonstandard  J base  aptamer  and  the 
standard  base  aptamer  for  ATP  in  order  to  determine  if  any  enhancement  in  binding 
affinity  was  achieved  by  incorporating  the  positively  charged  J base  into  the  aptamer. 

Affinity  capillary  electrophoresis  (ACE)  is  a powerful  technique  for  determining 
binding  affinities  and  stoichiometries  of  receptor-ligand  systems.  ACE  is  an  equilibrium 
method  for  determining  binding  affinities  in  which  the  ligand  is  incorporated  into  the 
separation  buffer  (Figure  4-2).  For  example,  once  the  aptamer  (receptor)  is  injected  onto 
the  column,  it  can  interact  and  bind  with  the  ATP  (ligand).  The  ATP  is  present 
throughout  the  capillary  in  large  excess  of  the  aptamer;  therefore,  the  aptamer-ATP 
equilibrium  is  maintained  over  the  length  of  the  separation.  The  charge  to  mass  ratio  and 
subsequently  the  electrophoretic  mobility  (p)  of  the  aptamer  changes  upon  binding  with 
ATP.  By  monitoring  the  change  in  electrophoretic  mobility  (Ap)  of  the  aptamer  with 
increasing  concentration  of  ATP,  the  binding  affinity  of  the  aptamer-ATP  complex  can 
be  determined. 

The  changing  migration  time  of  the  aptamer  (upon  binding  with  ATP)  is  used  as 
an  approximation  of  the  changes  in  the  electrophoretic  mobility  (Ap)  (Chu  et  al.,  1995). 
In  the  absence  of  ATP  (Figure  4-3A),  the  aptamer  migrates  freely  through  the  capillary 
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(tA),  but  the  aptamer  peak  is  shifted  (Figure  4-3 B)  upon  interacting  with  the  ATP  (tA,L)- 
The  maximum  shift  in  the  aptamer  (tA,Lmax)  occurs  once  the  binding  site  is  saturated  with 
the  ATP  (Figure  4-3C).  By  measuring  the  difference  in  migration  times  of  the 
complexed  and  free  aptamer  (AtA,L  and  AtA,Lmax),  the  electrophoretic  mobilities  (A|_ia,l 
and  ApA,Lmax)  are  determined  and  can  be  used  to  determine  the  binding  constant  (Chu  et 
al.,  1995).  Generally  binding  affinities  are  expressed  in  terms  of  the  complex 
dissociation  constant  (Kd),  which  will  be  used  in  the  remainder  of  this  text. 

Several  factors  must  be  considered  when  developing  an  ACE  experiment 
including  the  change  in  electroosmotic  flow  (EOF)  as  the  concentration  of  ligand  is 
increased.  Correction  for  changes  in  the  bulk  flow  is  typically  accomplished  by  using  an 
EOF  marker,  which  is  subtracted  from  the  migration  time  of  the  analyte  to  account  for 
any  changes  occurring  in  the  EOF.  To  account  for  physical  changes  in  buffer  viscosity 
as  the  ligand  concentration  is  increased,  a correction  factor  “v”  can  be  used.  Bowser  and 
Chen  (1998)  describe  a method  for  quantitating  the  binding  affinity  of  an  analyte-ligand 
system  by  relating  the  change  in  the  electrophoretic  mobility  of  the  analyte  to  the 
changing  ligand  concentration.  The  total  electrophoretic  mobility  of  the  analyte  (p.epA) 
can  be  characterized  as  the  sum  of  the  electrophoretic  mobilities  of  the  fraction  of  free 
and  bound  analyte  as  shown  in  Equation  4.1,  in  which  v is  the  viscosity  correction  factor, 
/a  is  the  fraction  of  free,unbound  analyte,  pep,A  is  the  electrophoretic  mobility  of  the  free 
analyte  (A),/^c  is  the  fraction  of  bound  analyte  (AC),  and  pep,AC  is  the  electrophoretic 
mobility  of  the  complex  (AC). 


V^ep  ^AMep,A+^ACMep,AC 


(4.1) 


The  fraction  of  A and  AC  present  can  be  described  using  the  following  expressions: 
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/,= 


amount  of  unbound  species  A 
Z total  A containing  species 


/,c  = 


amount  of  species  AC 


(4.2) 


(4.3) 


Z total  A containing  species 
The  fraction  of  A and  AC  present  and  the  total  electrophoretic  mobility  of  all  species 
containing  the  analyte  (A)  can  be  related  to  the  binding  affinity  by  utilizing  the  following 
equilibrium: 


Kac 

A + C Z*  AC 


(4.4) 


in  which  C is  the  ligand  and  KAc  is  the  binding  constant  for  the  formation  of  the  complex. 
By  employing  the  complex  equilibrium  depicted  in  Eqn  4.4  and  relating  the  ligand  and 
analyte  concentrations,  the  following  equation  (Eqn  4.5)  is  derived. 


= 


1 K [C] 

-M  a + 


*p  1 + kac[C]  ^ 1 + kac[C]  AC 


(4.5) 


Finally  Equation  4.6  can  be  used  to  relate  the  change  in  the  electrophoretic  mobility  of 
the  analyte  to  the  binding  constant  and  ligand  concentration. 


( A ^ ep,AC  ^ep,A^  AC^ 

eP  r ep,AJ  1 + Kac[C] 


(4.6) 


By  plotting  the  change  in  the  electrophoretic  mobility  (pepA-Pep,A)  versus  the  ligand 
concentration,  the  binding  constant  (KAc)  and  the  dissociation  constant  (K<j),  which  is 
1/KAc,  may  be  determined. 

As  mentioned  earlier,  the  goal  of  this  work  was  to  characterize  the  binding 
affinity  of  a J-base  aptamer  and  a standard  base  aptamer  for  ATP.  After  optimizing  the 
ACE  experiment  to  measure  the  binding  constants  for  these  aptamers,  other  ligand 
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affinities  were  explored.  In  the  original  selection  of  the  ATP  aptamer,  the  binding 
affinity  was  measured  only  for  adenosine  due  to  experimental  constraints  (Huizenga  and 
Szostak,  1995).  However,  the  authors  theorized  that  similar  affinity  should  be  observed 
for  all  adenosine  analogs  with  this  aptamer.  Using  ACE,  the  affinity  of  the  standard 
based  aptamer  for  adenine,  adenosine,  AMP,  ADP,  and  ATP  was  investigated. 

Materials  and  Methods 

Chemicals 

Tris(hydroxymethyl)aminomethane,  sodium  chloride,  and  sodium  phosphate 
monobasic  were  purchased  from  Fisher  chemical  (Pittsburgh,  PA).  Adenosine,  adenine, 
adenosine  5’ -monophosphate  (AMP),  adenosine  5’ -diphosphate  (ADP),  adenosine  5’- 
triphosphate  (ATP),  and  guanosine  5’ -triphosphate  (GTP)  were  purchased  from  Sigma 
Chemical  (St.  Louis,  MO).  Magnesium  chloride  and  5(6)-carboxyfluorescein  were 
purchased  from  Aldrich  Chemical  (Milwaukee,  WI).  Standard  base  aptamers  were 
synthesized,  fluorescently  labeled,  and  purified  by  Integrated  DNA  Technologies 
(Coralville,  I A).  A fluorescein  label  was  attached  to  the  3’end  of  the  standard  base 
adenosine  aptamer  (5’CTACCTGGGGGAGCATTGGGGAGGAAGGTAGCCGTG 
CGAAAA-3’).  The  J-base  aptamer  (5’-GTATGCGGTAGGAACGJCAGJGGGGGG 
AGCAJAJGGJGJGAJA-3’)  was  prepared  and  fluorescently  labeled  by  the  method 
developed  by  Battersby  et  al.  (1999)  and  was  generously  donated  by  Professor  Steven  A. 
Benner.  All  solutions  were  prepared  with  deionized  water  purified  with  a Milli-Q  Plus 
system  (Millipore  Corp.,  Marlborough,  MA). 

Aptamer  preparation 

Before  experiments,  a 4 pM  stock  of  aptamer  in  electrophoresis  buffer  was 
prepared  and  annealed.  For  the  annealing  process,  the  stock  solution  was  heated  at 
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90°  C for  2.5  min  and  cooled  to  room  temperature.  Experimental  samples  consisted  of  ~1 
pM  aptamer,  800  nM  5(6)-carboxyfluorescein  (internal  standard),  and  7 pM  riboflavin 
(EOF  marker)  for  unmodified  capillary  experiments  or  ~ 200  nM  aptamer  and  800  nM 
5(6)-carboxyfluorescein  (internal  standard)  for  coated  capillary  experiments. 

Apparatus 

All  separations  were  performed  with  a Beckman  P/ACE  2200  capillary 
electrophoresis  system  (Beckman  Coulter  Fullerton,  CA).  Laser  induced  fluorescence 
(LIF)  detection  employed  the  488  nm  excitation  line  of  a 3 mW  Argon  Ion  laser 
(Beckman-Coulter)  and  emission  was  collected  at  520  nm.  Data  was  recorded  and 
analyzed  with  P/ACE  software  (Beckman-Coulter).  Nonlinear  regression  analysis 
employing  Equation  4.6  was  used  to  determine  all  dissociation  constants.  The  least 
squares  variance-covariance  method  was  used  with  a macro  written  in  house  using 
Microsoft  Excel. 

Kh  determinations  employing  unmodified  capillaries 

Bare,  fused  silica  capillaries  (25  pm  i.d.,  360  pm  o.d.)  from  Polymicro 
Technologies  (Phoenix,  AZ),  37  cm  in  total  length  with  a 30  cm  effective  length  were 
employed  for  all  separations.  Capillaries  were  pretreated  by  rinsing  with  1 M NaOH, 
deionized  water,  and  buffer  for  10  min  each.  Capillaries  were  primed  by  filling  with 
buffer  and  applying  an  electric  field  of  300  V/cm  for  1 hour.  The  capillary  was  then 
stored  at  room  temperature  for  two  days  with  the  capillary  ends  immersed  in  vials  of 
buffer  in  order  to  prevent  drying. 

For  each  ligand  concentration,  the  capillary  was  equilibrated  by  rinsing  with 
buffer  for  1 0 min.  The  sample  was  introduced  onto  the  capillary  with  a 5 s,  5 kV 
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injection  and  14  kV  was  employed  for  all  separations.  Separations  were  performed  in  a 
20  mM  Tris,  283  mM  NaCl,  2 mM  NaH2P04,  10  mM  MgCl2  pH  7.6  buffer. 

Kh  determinations  with  a coated  capillary 

A polyacrylamide  coated  capillary  prepared  using  a method  adapted  from  Cobb  et 
al.  (1990)  and  Dolnik  et  al.  (1998)  (detailed  later  in  Chapter  5)  was  employed  to  reduce 
the  EOF  and  subsequently  the  separation  time  of  the  highly  negative  aptamer.  Capillaries 
were  50  pm  i.d.,  360  pm  o.d.  and  37  cm  in  total  length  in  which  a 30  cm  effective  length 
was  employed  for  all  separations.  This  capillary  was  stored  in  water  at  room  temperature 
with  the  ends  immersed  in  water  to  prevent  drying.  For  each  ligand  concentration,  the 
capillary  was  equilibrated  by  rinsing  with  buffer  for  3 min.  The  separation  buffer  was  50 
mM  Tris,  50  mM  NaCl,  5 mM  MgCl2  pH  7.6.  and  5 s hydrodynamic  injections  were 
employed  for  all  analyses. 

Results  and  Discussion 

Initial  binding  determinations  were  performed  on  a coated  capillary  with  ATP 
concentrations  in  the  range  of  500  pM  - 1 0 mM.  At  these  concentrations  of  ATP, 
binding  curves  for  the  standard  and  J base  aptamers  depicted  a sigmoidal  shape 
suggesting  a termolecular  complex  with  1 :2  binding  stoichiometry  of  aptamer  to  ATP 
(Figure  4-4)  (Battersby  et  al.,  1999).  Dissociation  constants  were  determined  as  9 + 2 x 
1 O'  M for  the  J base  aptamer  and  1 5 + 2 x 10  M for  the  standard  base  aptamer. 
Huizenga  and  Szostak  (1995)  reported  a binding  constant  of  6 + 3 x 10'6  M for  the 
standard  base  aptamer  with  adenosine  and  suggested  only  a 1:1  aptamer:  adenosine 
complex  was  formed.  However,  a termolecular  complex  was  also  observed  in  NMR 
studies  of  the  standard  base  aptamer  with  AMP  (Lin  and  Patel,  1 997).  Since  no 
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observable  bimolecular  complex  was  detected  and  NMR  studies  also  observed  a 1 :2 
binding  stoichiometry,  initial  conclusions  were  drawn  suggesting  the  original  binding 
determinations  of  a 1:1  aptamer:adenosine  complex  did  not  describe  aptamer  binding 
with  ATP. 

A control  experiment  was  performed  with  another  ligand  GTP,  and  because  of  the 
selectivity  of  the  aptamer  for  ATP,  no  appreciable  affinity  between  the  aptamer  and  GTP 
should  be  observed.  With  the  polyacrylamide  coated  capillary  employed  for  these 
experiments,  the  EOF  is  greatly  reduced  and  the  separation  is  based  on  the 
electrophoretic  mobilities  of  the  analytes.  The  buffer  used  for  these  experiments  (50  mM 
Tris,  50  mM  NaCl,  5 mM  MgCU  pH  7.6)  contained  a large  concentration  of  Mg2+  ions 
that  interact  with  the  negative  phosphate  backbone  of  the  DNA  aptamer  reducing  the 
negative  charge  and  electrophoretic  mobility  of  the  aptamer  (DNA*)  (Figure  4-5A). 

Upon  binding  with  the  negatively  charged  ATP,  the  electrophoretic  mobility  of  the 
aptamer  is  more  negative  and  a decrease  in  the  migration  time  of  the  aptamer  is  observed 
(Figure  4-5B).  If  the  shift  in  the  DNA*  peak  was  due  solely  to  binding  of  ATP,  no  shift 
in  migration  time  was  expected  when  incorporating  GTP  into  the  electrophoresis  buffer. 
However,  when  5 mM  GTP  was  present  (Figure  4-5C)  a similar  shift  in  the  DNA*  peak 
occurred  as  compared  to  5 mM  ATP  being  present  in  the  separation  buffer  (Figure  4-5B). 
The  shift  in  the  DNA*  peaks  was  not  a result  of  EOF  changes,  as  the  polyacrylamide 
coating  suppressed  the  bulk  flow  in  the  capillary  and  no  shift  in  the  internal  standard  (IS) 
peak  was  observed  upon  adding  ATP  or  GTP  to  the  separation  buffer.  ATP  and  GTP  can 
bind  with  the  Mg2+  present  in  the  buffer  reducing  the  amount  of  Mg2+  interacting  with  the 
aptamer.  With  less  Mg  bound  to  the  aptamer  (as  is  the  case  with  5 mM  ATP  or  GTP 
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present),  the  mobility  of  DNA*  is  increased  subsequently  decreasing  the  aptamer 
migration  time. 

A Mg  free  buffer  (50  mM  Tris,  50  mM  NaCl  pH  7.6)  was  employed  to  further 
investigate  the  effects  of  Mg2+  on  the  shift  of  the  DNA*  peak.  With  no  Mg2+  present  in 
the  buffer,  the  aptamer  electrophoretic  mobility  is  highly  negative  so  the  zone  migrates 
rapidly  through  the  capillary  (Figure  4-6A).  When  5 mM  ATP  was  added  to  the  Mg 
free  buffer  (Figure  4-6B),  only  a slight  change  in  the  migration  time  of  DNA*  was 
observed  which  may  be  indicative  of  ATP  binding  to  the  aptamer.  Upon  the  addition  of  5 
mM  Mg  (in  the  electrophoresis  buffer),  the  electrophoretic  mobility  of  the  aptamer  is 
decreased  due  to  binding  of  Mg2+  ions  (Figure  4-6C)  and  with  the  subsequent  addition  of 
5 mM  ATP  to  a Mg2+  containing  buffer,  a large  shift  in  the  DNA*  peak  is  observed 
(Figure  4-6B).  ATP  concentrations  ranged  from  500  pM-10  mM  in  the  initial  ACE 
experiments.  At  these  concentrations  of  ATP,  the  ATP  and  Mg  (5  mM)  were  binding 
with  each  other;  therefore,  changing  the  concentration  of  Mg2+  interacting  with  the 
aptamer  and  producing  the  observed  shifts  in  the  migration  time  of  DNA*.  Other 
separation  conditions  accounting  for  the  fluctuations  in  Mg2+  concentration  were 
necessary  in  order  for  the  binding  constants  to  be  determined. 

Modifications  to  the  first  method  were  explored,  and  a new  method  was 
developed  for  determining  the  binding  constants  for  both  aptamers.  This  method  utilized 
an  unmodified  capillary,  which  was  equilibrated  in  the  electrophoresis  buffer  for  two 
days  prior  to  experiments.  This  long  equilibration  period  was  used  to  help  reduce 
fluctuations  in  the  EOF  once  ligand  was  added  to  the  separation  buffer.  To  reflect  the 
initial  aptamer  selection  conditions  used  by  Huizenga  and  Szostak  (1995),  a 25  mM  Tris, 
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283  mM  NaCl,  2 mM  NaH2P04,  10  mM  MgCb  pH  7.6  separation  buffer  was  used.  With 
this  high  salt  buffer,  25  pm  i.d.  capillaries  were  employed  to  reduce  Joule  heating.  To 
minimize  the  effects  of  the  ATP:Mg2+  binding  on  changing  the  mobility  of  the  aptamer, 
the  ATP  concentration  range  was  lowered  to  0-200  pM  and  the  Mg2+  concentration  in  the 
buffer  was  increased  to  1 0 mM  to  insure  saturation  of  the  aptamer  with  Mg2+.  The 
aptamer  was  saturated  with  Mg2"  ions  in  order  to  achieve  the  maximum  shift  in  the 
aptamer  migration  time  prior  to  adding  ATP. 

Binding  curves  for  the  standard  base  aptamer  and  the  J base  aptamer  (Figure  4-6) 
showed  the  two  aptamers  displayed  similar  affinity  for  ATP;  however,  a larger  error  was 
seen  in  the  J base  measurement.  This  large  error  was  produced  from  experimental 
limitations.  The  width  of  the  J base  peak  was  very  large,  but  the  change  in  mobility  of 
the  aptamer  upon  binding  with  ATP  was  relatively  small  (20%  change  in  mobility  with 
binding  of  ATP).  Therefore,  errors  arose  from  marking  the  change  in  the  zone  relative  to 
the  width  of  the  peak.  The  dissociation  constants  were  determined  as  133  + 9 pM  for  the 
standard  base  aptamer  and  120  + 63  pM  for  the  J base  aptamer  (Figure  4-8),  and  no 
enhancement  in  binding  affinity  for  ATP  was  observed  with  the  J base  aptamer.  With 
these  separation  conditions  (10  mM  Mg2+  in  the  separation  buffer  and  low  ATP 
concentrations),  the  affinity  of  the  standard  base  aptamer  was  investigated  with  GTP.  No 
appreciable  affinity  was  measured  for  the  aptamer  and  GTP  (Figure  4-9)  demonstrating 
the  specificity  of  the  aptamer.  Also  with  no  observable  affinity  measured  for  the  aptamer 
and  GTP,  these  improved  separation  conditions  allowed  determination  of  the  binding 
affinity  of  both  aptamers  with  ATP. 
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Affinity  determinations  for  adenosine  analogs 

The  initial  publication  detailing  the  ATP  aptamer  was  only  able  to  characterize 
the  binding  with  adenosine  due  to  experimental  limitations  of  the  filter  assay  employed 
(Huizenga  and  Szostak,  1995).  With  our  ACE  method  described  above  (unmodified 
capillaries  with  a 1 0 mM  Mg2+  separation  buffer),  affinity  measurements  were  performed 
and  complex  dissociation  constants  were  determined  for  adenine,  adenosine,  AMP,  ADP, 
and  ATP.  ACE  electropherograms  used  to  determine  the  aptamer: ligand  dissociation 
constants  displayed  characteristic  shifts  in  the  aptamer  (DNA*)  migration  time  with 
increasing  concentration  of  the  ligand  (Figure  4-10).  The  experimental  binding  curves 
(Figure  4-11)  showed  the  weakest  affinity  complex  was  the  adenine: aptamer  complex 
and  interestingly  the  strongest  complex  was  the  ADP:aptamer  complex.  The  dissociation 
constants  were  determined  as  216  + 40,  55  +1 1,  168  +20,  29  +8,  and  133  + 9 pM  for 
adenine,  adenosine,  AMP,  ADP,  and  ATP  respectively  and  are  summarized  in  Figure  4- 
12.  A binding  pattern  was  observed  in  which  the  aptamer  affinity  was  dependent  on  the 
charge  of  the  analyte.  Figure  4-10  shows  the  ligand  structures  at  pH  7.6,  which  was  used 
for  analysis.  The  structures  of  ADP  and  ATP  are  drawn  to  indicate  the  binding  of  Mg2+ 
present  in  the  buffer.  Most  notably  is  the  low  affinity  determined  for  the  aptamer: adenine 
complex  (Kd  216  + 40  pM),  suggesting  the  ribose  sugar  was  key  in  binding  with  the 
aptamer.  The  low  affinity  for  adenine  can  be  expected  as  selections  of  the  aptamer  were 
done  with  immobilized  analytes  containing  the  sugar  moiety  (because  of  the  position  on 
the  molecules  used  for  attachment  to  the  column,  the  sugar  was  directed  into  the  binding 
area  accessible  for  aptamers  during  selection).  ADP,  which  has  a net  -1  charge,  and 
adenosine,  which  is  neutral,  displayed  the  greatest  affinity  with  the  aptamer  (Kd’s  of  29 
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+8  and  55  +1 1 pM  respectively).  However,  AMP  and  ATP  both  containing  a net  -2 
charge  show  similar  affinity  for  the  aptamer  (Ka’s  of  1 68  +20  and  133  + 9 pM).  The 
lower  affinity  of  the  -2  charged  ligands  with  the  aptamer  suggests  the  binding  affinity  of 
the  aptamer  is  weakened  due  to  the  larger  negative  charges  of  AMP  and  ATP. 

Binding  stoichiometry 

To  determine  the  binding  stoichiometry  of  the  aptamer  complexes,  a Scatchard 
analysis  was  performed  for  all  ligands.  Scatchard  analysis  is  an  x-reciprocal  plot  of  the 
change  in  electrophoretic  mobility  relative  to  the  ligand  concentration  (pepA- 
Pep.A)/[ligand]  with  respect  to  the  change  in  electrophoretic  mibility  (pepA-pep,A)-  A 
Scatchard  analysis  of  the  ATP  and  ADP  binding  curves  with  the  standard  base  aptamer 
(Figure  4-11)  displayed  no  large  deviation  from  linearity  suggesting  only  1:1  binding  of 
the  aptamer:ATP  and  aptamer:ADP  complexes.  The  other  binding  curves  (adenine, 
adenosine,  and  AMP)  when  analyzed  with  x-reciprocal  plots  also  showed  no  evidence  for 
any  formation  of  a termolecular  complex  as  observed  with  the  higher  ATP 
concentrations. 

Analytical  Applications 

The  ATP  aptamer  was  found  to  have  weak  affinity  for  several  adenosine  analogs. 
This  weak  affinity  is  an  ideal  interaction  for  incorporation  of  the  aptamer  into  an  LC 
stationary  phase  to  selectively  retain  adenosine  analogs  and  separate  them  from  other 
compounds.  An  aptamer  stationary  phase  developed  in  our  lab  retained  adenosine 
analogs  such  as  adenosine,  AMP,  ADP,  and  ATP  and  allowed  separation  of  these 
compounds  from  a large  assortment  of  other  molecules  such  as  GTP,  cAMP,  and  NAD+. 
The  most  retained  compound  on  the  column  was  adenosine  followed  by  ADP,  ATP,  and 
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AMP.  The  retention  of  adenosine  was  affected  by  the  hydrophobicity  of  the  packing 
particles,  but  nonetheless  retention  on  the  column  resembled  the  dissociation  constants 
determined  by  ACE  measurements. 

Conclusions 

ACE  was  utilized  to  measure  the  affinity  of  a DNA  aptamer  with  adenine, 
adenosine,  AMP,  ADP,  and  ATP.  A binding  pattern  was  observed  in  which  the  charge 
state  of  the  ligand  affected  binding  with  the  aptamer.  The  lowest  affinities  were 
determined  for  ADP  and  adenosine,  which  have  -1  and  neutral  charges  at  the  pH 
employed  for  the  separation.  Binding  was  disrupted  by  the  presence  of  the  -2  charges  of 
AMP  and  ADP  as  indicative  of  the  lower  dissociation  constants.  The  weaker  interaction 
of  the  aptamer  with  adenosine  analogs  was  ideal  for  an  aptamer  LC  stationary  phase  that 
has  been  used  to  selectively  separate  analytes. 

Modified  nucleotides  are  one  possibility  for  increasing  the  diversity  and 
functionality  of  aptamers.  A scientific  achievement  was  accomplished  by  incorporating  a 
positively  charged  functionality  into  an  aptamer  even  though  no  enhancement  in  binding 
of  ATP  was  measured  for  the  J base  aptamer.  With  continued  research  and 
improvements  of  selection  conditions,  modified  base  aptamers  could  improve  aptamer 
diversity  and  increase  the  applicability  of  aptamers  as  analytical  tools. 
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Figure  4-1  Chemical  structures  of  the  five  standard  bases  and  the  nonstandard  J 
base. 
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Figure  4-2  Schematic  of  Affinity  Capillary  Electrophoresis  (ACE).  The 
separation  capillary  is  filled  with  buffer  containing  ligand,  once  the  analyte  is 
injected  onto  the  column,  the  analyte  and  ligand  bind.  When  the  analyte  binds 
to  the  ligand,  its  electrophoretic  mobility  (p)  is  changed  due  to  the  different 
charge  to  mass  ratio. 
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Figure  4-3  The  effects  of  binding  on  the  migration  time  of  the  aptamer.  With 
no  ligand  present  (A)  the  aptamer  migrates  at  tA.  As  ATP  is  added  (B),  the 
aptamer  migration  time  is  shifted  (tA,0  due  to  binding  with  ATP.  The 
maximium  shift  in  the  aptamer  migration  time  (tA,Lmax)  is  reached  once  binding 
sites  on  the  aptamer  are  saturated  with  ATP.  The  electrophoretic  mobilities  of 
the  aptamer  ( ApA,L  and  Ap.A,Lmax)  are  determined  by  the  changing  migration 
time  of  the  aptamer. 
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Figure  4-4  Binding  curves  of  the  standard  base  aptamer  and  J base  aptamer  in  a 
50  mM  Tris,  50  mM  NaCl,  5 mM  MgCh  pH  7.6  buffer  with  a polyacrylamide 
capillary.  Dissociation  constants  were  9 + 2 x 10'6  M2  for  the  J base  aptamer  and 
15  + 2x10'  M for  the  standard  base  aptamer. 
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Figure  4-5  Control  experiment  with  the  standard  base  aptamer  using  a 50  mM 
Tris,  50  mM  NaCl,  5 mM  MgCh  pH  7.6  buffer  with  a polyacrylamide  coated 
capillary.  (A)  0 mM  ligand  (B)  5 mM  ATP  (C)  5 mM  GTP. 
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Figure  4-6  Effects  of  Mg2+  in  the  electrophoresis  buffer  on  the  mobility  of  the 
standard  base  aptamer  (DNA*).  The  separation  capillary  was  coated  with 
polyacrylamide  and  the  internal  standard  (IS)  was  5(6)-carboxyfluorescein.  In 
A and  B,  the  separation  buffer  was  50  mM  Tris,  50  mM  NaCl  pH  7.6.  In  C and 
D the  separation  buffer  was  50  mM  Tris,  50  mM  NaCl,  5 mM  MgC^  pH  7.6 
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Figure  4-7  Binding  curves  of  the  standard  base  aptamer  and  J base  aptamer  with 
a 25  mM  Tris,  283  mM  NaCl,  2 mM  NaH2P04,  10  mM  MgCl2  pH  7.6  buffer 
and  a bare  capillary.  The  error  in  the  J base  measurement  can  be  seen  with  the 
variability  of  the  data  points  (▲ ). 
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Figure  4-8  Dissociation  constants  (Kd)  of  the  standard  base  aptamer  and  J base 
aptamer  with  ATP  in  a 20  mM  Tris,  283  mM  NaCl,  2 mM  NaF^PC^,  10  mM 
MgCh  pH  7.6  buffer.  The  Kd  of  the  standard  base  aptamer  was  133  + 9 pM  and 
120  + 63  pM  was  determined  for  the  J base  aptamer. 
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Figure  4-9  Control  experiment  for  the  standard  base  aptamer  with  ATP  and 
GTP.  Binding  affinities  are  expressed  as  the  binding  constants  (K),  and  no 
appreciable  affinity  was  observed  between  the  aptamer  and  GTP. 
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Figure  4-10  ACE  electropherograms  used  for  determining  the  binding  constant 
of  the  standard  base  aptamer  with  ADP.  The  DNA*  (1  pM)  was  injected  onto 
the  column  (5  s at  5 kV)  containing  varying  concentrations  of  ADP.  (A)  0 pM 
ADP  (B)  30  pM  ADP  (C)  80  pM  ADP  Separation  capillaries  were  25  pm  i.d., 
and  a separation  voltage  of  14  kV  was  used  for  all  analyses.  The  internal 
standard  (IS)  was  5(6)-carboxyfluorescein  (800  nM)  and  the  EOF  marker  was 
riboflavin  (7  pM).  The  separation  buffer  was  20  mM  Tris,  283  mM  NaCl,  2 
mM  NaH2P04,  10  mM  MgCl2  pH  7.6. 


99 


T3 

C 

3 

O 

CD 


c 

o 


o 

ns 


0.9 


[Ligand]  (M ) 


Figure  4-1 1 Binding  curves  of  the  standard  base  aptamer  with  adenine,  AMP, 
ATP,  adenosine,  and  ADP.  The  aptamer  makes  the  strongest  complex  with 
ADP  and  the  weakest  with  adenine. 
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Figure  4-12  Dissociation  constants  determined  for  the  standard  base  aptamer 
with  adenine,  adenosine,  AMP,  ADP,  and  ATP.  The  measured  Kd’s  were  216  + 
40,  55  +11,  168  +20,  29  +8,  and  133  + 9 pM  respectively. 
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Figure  4-13  Chemical  structures  of  the  investigated  ligands  adenine,  adenosine, 
AMP,  ADP,  and  ATP  at  pH  7.6  in  a Mg2+  buffer. 
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Figure  4-14  Scatchard  plot  analysis  (x-reciprocal  plot)  of  the  (A)  ATP  and  (B) 
ADP  binding  curves  with  the  standard  base  aptamer.  No  large  deviation  from 
linearity  is  apparent,  indicative  of  1:1  binding  stoichiometry. 


CHAPTER  5 

PREPARATION  AND  EVALUATION  OF  POLYMERIC  CAPILLARY  COATINGS 

FOR  PROTEIN  SEPARATIONS 

Introduction 

Capillary  electrophoresis  of  biopolymeric  molecules  such  as  proteins  can  be 
problematic  due  to  adsorption  to  capillary  walls.  Typically  the  charge  on  the  surface  of  a 
protein  is  distributed  inhomogenously  creating  positively  charged  patches  on  the  protein 
surface.  The  buffer  pH  determines  the  ionization  of  the  capillary  surface,  which  is 
comprised  of  silanol  groups  (pKa’s  ranging  from  5. 3-6. 3)  (Dougherty  et  al.,  1997).  With 
increasing  pH  the  capillary  surface  becomes  negatively  charged  providing  an 
environment  for  adsorption  due  to  Coulombic  interactions.  With  adsorption  to  the 
capillary  walls,  peak  broadening  often  occurs  resulting  in  a loss  of  separation  efficiency. 
Several  techniques  have  been  investigated  to  aid  in  reducing  protein  adsorption  to 
capillary  walls  including:  altering  the  pH  and  ionic  strength  of  the  electrophoresis  buffer 
to  promote  Coulombic  repulsion  between  the  capillary  wall  and  proteins  (Bruin  et  al., 
1989;  Lauer  and  McManigill,  1986;  McCormick,  1988)  incorporating  additives  into  the 
separation  buffer  to  create  a dynamic  coating  over  the  capillary  wall  (Bullock  and  Yuan, 
1991;  Bushey  and  Jorgenson,  1989;  Green  and  Jorgenson,  1989;  Swedberg,  1990),  and 
chemically  modifying  the  capillary  surface  with  neutral  polymers  creating  a static  coating 
(Hjerten,  1985;  Cobb  et  al.,  1990;  Schmalzing  et  al.,  1993;  Malik  et  al.,  1993). 

When  employing  low  pH  separation  buffers  (<  pH  3),  the  negatively  charged 
surface  of  the  capillary  wall  is  greatly  reduced.  Published  reports  have  documented 
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reduction  in  protein  adsorption  when  incorporating  low  pH  buffers  with  unmodified  silica 
capillaries  (Grossman  et  al.,  1988;  McCormick,  1988).  Alternatively,  high  pH  buffers 
(>  pH  11)  have  also  been  incorporated  into  protein  CE  separations  in  which  the 
separation  buffer  is  above  the  isoelectric  point  (pi)  of  the  protein  (Lauer  and  McManigill, 
1 986).  Above  the  pi  of  a protein,  a negatively  charged  protein  surface  is  created,  and 
protein  adsorption  is  reduced  because  of  the  repulsion  of  the  protein  from  the  negatively 
charged  capillary  surface.  However,  at  extreme  pHs  hydrolysis  and  denaturation  of 
proteins  can  occur  (Karger  et  al.,  1989;  Swedberg,  1990).  This  phenomenon  is 
detrimental  during  detection  of  aptamer-protein  complexes  as  complex  formation  might 
be  disrupted  due  to  irreversible  damage  to  the  protein. 

Dynamic  coatings  are  another  possibility  to  reduce  protein  adsorption.  Typically 
additives  such  as  neutral  polymers,  salts,  or  cationic  surfactants  are  incorporated  into  the 
separation  buffer.  Polymers  present  in  the  buffer  coat  the  walls  of  the  capillary, 
preventing  proteins  from  interacting  with  the  negatively  charged  silanols  present  on  the 
capillary  surface.  Several  polymers  have  been  employed  as  dynamic  coatings  for  CE 
separations  including  polyvinylalcohol,  poly(ethyleneoxide),  and  several  cellulose 
derivatives  (Cifuentes  et  al.,  1996;  Iki  and  Yeung,  1996;  Bullock  and  Yuan  1991;  Stover 
et  al.,  1989;  Rohlicek  and  Deyel,  1989).  Alternatively,  cationic  surfactants  and  salts  can 
interact  with  the  negative  charge  of  the  capillary  walls  and  alter  the  electrokinetic 
potential  and  electroosmotic  flow  (EOF).  The  EOF  can  be  decreased,  neutralized,  and 
possibly  reversed  when  employing  cationic  surfactants  as  dynamic  coatings.  Compounds 
such  as  polyarginine,  polybrene,  polyethyleneimine,  diaminoethane,  and  chitosan  have 
been  employed  as  dynamic  coatings  (Chiu  et  al.,  1995;  Cifuentes  et  al.,  1996;  Song  et  al.. 
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1993;  Yao  and  Li,  1994).  Separation  efficiencies  on  the  order  of  2x1 06  theoretical  plates 
have  been  reported  when  incorporating  polycations  into  CE  separations  (Chiu  et  al., 
1995).  However,  additives  can  cause  changes  in  the  separation  buffer  such  as  increasing 
the  electrical  conductivity  resulting  in  Joule  heating  and  decreases  in  the  separation 
efficiency  (Malik  et  al.,  1993). 

Static  coatings  are  created  when  the  capillary  surface  is  chemically  modified  with 
neutral  hydrophilic  polymers.  An  ideal  polymer  coating  would  be  stable  in  aqueous 
buffers  over  a wide  pH  range,  suppress  solute-wall  interactions,  and  be  chemically  stable 
for  hundreds  of  injections.  Two  key  processes  are  necessary  to  prepare  a static  wall 
coating,  silanization  and  polymerization.  The  silanization  step  establishes  the  linkage 
between  the  surface  of  the  capillary  and  the  polymer.  By  covalently  linking  a neutral, 
hydrophilic  polymer  to  the  capillary  surface,  the  silanol  groups  on  the  capillary  walls  are 
shielded  removing  charged  sites  for  protein  adsorption.  Typically  the  EOF  is  also 
suppressed  or  even  eliminated  with  a static  coating. 

Organosilanes  such  as  y-methacryloxypropyltrimethoxysilane  (also  denoted  the 
silanization  reagent)  are  used  to  prepare  the  capillary  surface  for  interaction  with  the 
polymer  coating.  The  silanization  reagent  reacts  with  the  silanol  groups  on  the  capillary 
surface  creating  siloxane  moieties  (Si-O-Si).  The  siloxanes  on  the  surface  then  react  with 
a monomer  or  polymer  to  establish  the  static  coating.  At  high  pHs,  siloxanes  are  prone 
to  nucleophilic  cleavage,  limiting  the  applicability  of  static  coatings  employing  this  type 
of  surface  linkage.  Other  surface  modifications  have  been  explored  to  increase  the 
applicable  pH  range  for  static  coated  capillaries.  For  example,  a Grignard  reagent 
(vinylmagnesium  bromide)  was  employed  to  establish  a Si-C  linkage  between  the 
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polymer  and  the  capillary  surface  (Cobb  et  al.,  1990;  Dolm'k  et  al.,  1998).  These  two 
types  of  capillary  surface  chemistry  are  depicted  in  Figures  5-1  and  5-2  in  which 
acrylamide  is  used  as  the  monomer  to  create  the  polymer  coating.  Polyacrylamide  coated 
capillaries  are  the  most  frequently  used  static  coatings;  however,  the  instability  of 
acrylamide  coated  capillaries  at  basic  pHs  has  prompted  the  use  of  more  stable  polymers 
including  polyethers,  hydroxymethylcellulose  and  dextran  (Malik  et  al.,  1993,  Dolnik, 
1997;  Hjerten  and  Kubo,  1993). 

Most  coating  procedures  involve  multiple  steps  in  which  silanization,  chemical 
bonding  of  the  polymer,  and  in  situ  polymerization  are  accomplished  separately, 
ultimately  increasing  the  length  of  time  necessary  to  prepare  a capillary.  Malik  et  al. 
(1993)  developed  a coating  procedure  incorporating  all  three  chemical  steps  into  one  and 
reduced  the  preparation  time  necessary  for  coating  a capillary.  With  this  method  a 
variety  of  capillaries  with  varying  diversity  were  prepared  by  incorporating  polymers 
such  as  UCON  75-H-90,000,  Superox  4 and  Carbowax  20M  into  the  coating  procedure. 
All  of  these  polymers  are  polyethers  with  terminal  hydroxyl  groups.  These  capillaries 
were  used  to  analyze  an  array  of  analytes  including  proteins,  nucleotides,  and  histones 
(Zhao  et  al.,  1992;  Malik  et  al.,  1993;  O’Neill  et  al.,  1994;  Shao  et  al .,  1994). 

This  work  investigated  several  coating  procedures  for  utility  with  CE  protein 
separations.  The  first  coating  procedure  is  indicative  of  a classical  acrylamide  capillary 
coating  in  which  y-methacryloxypropyltrimethoxysilane  was  used  as  the  silanization 
reagent  (Hjerten,  1985;  Clark  et  al.,  1994).  Next  another  acrylamide  coating  procedure, 
adapted  from  that  previously  reported  by  Cobb  et  al.  (1990)  and  Dolnik  et  al.  (1998),  was 
investigated.  A Grignard  reagent  was  used  to  create  a Si-C  bond  on  the  surface  of  the 
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capillary  and  provide  a more  stable  linkage  between  the  polymer  and  the  capillary  wall. 
The  final  coating  procedure  adapted  from  Malik  et  al.  (1993),  utilized  a single  reaction 
step  for  silanization,  polymer  coating,  and  in  situ  polymerization.  Two  polymers  UCON 
and  Superox  at  several  concentrations  were  investigated.  To  compare  the  capillary 
coatings,  the  electroosmotic  flow  and  separation  efficiency  of  several  proteins  were 
measured  for  the  various  capillaries. 

Materials  and  Methods 

Apparatus 

All  separations  were  performed  with  a Beckman  P/ACE  2200  capillary 
electrophoresis  system  (Beckman  Coulter  Fullerton,  CA)  equipped  with  a UV  detector. 
Unmodified,  fused  silica  capillaries  (25  and  50  pm  i.d.,  360  pm  o.d.)  were  purchased 
from  Polymicro  Technologies  (Phoenix,  AZ).  Data  was  recorded  and  analyzed  with 
P/ACE  software  (Beckman-Coulter). 

Chemicals 

Cytochrome  C,  lysozyme,  ribonuclease  A,  a-chymotrypsinogen,  N,N,N’,N’- 
tetramethylethylenediamine  (TEMED),  y-methacryloxypropyltrimethoxysilane,  and 
ammonium  persulfate  were  purchased  from  Sigma  Chemical  (St.  Louis,  MO).  Methylene 
chloride,  n-pentane,  and  light  mineral  oil  were  purchased  from  Fisher  chemical 
(Pittsburgh,  PA).  Anhydrous  tetrahydrofuran  (THF),  vinylmagnesium  bromide  in  THF, 
1,1,1,3,3,3,-hexamethyldisilazane,  and  dicumyl  peroxide  were  bought  from  Aldrich 
Chemical  (Milwaukee,  WI).  The  polymers  UCON  50-HB-5100  and  Superox  4 10  G 
were  purchased  from  Alltech  (Deerfield,  IL).  Acrylamide  was  obtained  from  Pharmacia 
Biotech  (Uppsala,  Sweden)  and  thionyl  chloride  was  purchased  from  Acros  Organics 
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(Morris  Plains  , NJ).  All  solutions  were  prepared  with  deionized  water  purified  with  a 
Milli-Q  Plus  system  (Millipore  Corp.,  Marlborough,  MA). 

Classical  Acrylamide  Coating  via  Silanol  Linkage 

Any  length  of  capillary  and  most  inner  diameters  can  be  coated  with  this 
procedure.  Before  beginning  the  coating  procedure,  an  optical  window  is  created  by 
removing  a small  section  of  the  polyimide  from  the  capillary.  Once  the  window  has  been 
created,  the  capillary  is  prepared  for  silanization.  Using  a pressure  bomb,  the  capillary  is 
rinsed  with  1 M NaOH  for  30  min,  then  with  deionized  water  for  5 min,  followed  by  a 
1M  HC1  rinse  for  30  min,  and  finally  with  a dilute  acetic  acid  rinse  for  30  min.  The 
dilute  acetic  acid  solution  is  prepared  by  adding  dropwise,  concentrated  acetic  acid  to 
deionized  water  until  a pH  between  3 and  3.5  is  achieved.  The  silanization  reagent, 
which  is  prepared  fresh,  consists  of  a 4%  y-methacryloxypropyltrimethoxysilane  solution 
in  50%  v/v  ethanol/dilute  acetic  acid  (prepared  in  the  same  manner  as  describe  above). 
The  capillary  is  rinsed  for  10-15  min  with  the  silanization  reagent  and  then  the  flow 
stopped.  After  30  min  the  capillary  is  rinsed  again  with  a fresh  solution  of  the 
silanization  reagent  for  a few  minutes  and  again  the  flow  is  stopped  to  allow  time 
(approximately  another  30  min)  for  the  surface  to  react.  While  waiting  for  the  capillary 
walls  to  be  silanized,  the  acrylamide  solution  consisting  of  4%  w/v  acrylamide  and  0.2% 
ammonium  persulfate  dissolved  in  deionized  water  is  prepared.  This  solution  should  be 
stirred  and  degassed  for  10-15  minutes.  A few  minutes  before  use,  0.1  vol  % of  TEMED 
should  be  added  to  the  acrylamide  solution  and  the  entire  mixture  stirred.  The  capillary  is 
then  rinsed  with  this  solution  for  10  min  and  the  flow  stopped.  After  30  min,  the 
capillary  is  flushed  with  fresh  acrylamide  for  a few  minutes  and  the  flow  is  stopped 
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again.  After  a reaction  time  of  1 hour,  the  capillary  should  be  flushed  with  water  to 
remove  any  residual  acrylamide.  The  capillary  is  filled  with  water  for  storage  and  the 
ends  of  the  capillary  are  immersed  in  water  to  prevent  drying  of  the  coating. 

Acrylamide  Capillary  Coating  via  Grignard  reagent 

With  this  coating  procedure,  lm  or  more  of  capillary  (>  25  mm  i.d.)  is  generally 
prepared.  A pressure  bomb  is  used  to  flush  the  capillary  with  all  solutions.  Before 
beginning  experiments,  the  bomb  is  flushed  with  argon  gas,  which  is  dried  over  Drierite 
(calcium  sulfate)  using  a drying  tube.  The  first  reagent  thionyl  chloride  is  used  to 
substitute  a chlorine  moiety  on  the  capillary  surface  and  prepare  the  column  for  further 
reaction.  The  silanols  (Si-OH)  on  the  capillary  surface  are  chemically  modified  to  Si-Cl 
as  shown  in  Figure  5-1 B.  A concentrated  solution  of  thionyl  chloride  is  placed  in  a 
pressure  bomb  while  maintaining  a flowing  stream  of  argon  over  the  bomb.  With  one 
end  of  the  capillary  immersed  into  the  thionyl  chloride  solution,  the  bomb  is  sealed.  The 
capillary  is  flushed  with  thionyl  chloride  at  a low  flow  rate  (approximately  20  psi).  The 
opposite  end  of  the  capillary  is  inserted  into  a septum  and  placed  loosely  into  a vial  of 
acetone.  The  septum  insures  the  outlet  of  the  capillary  remains  in  the  vial  so  excess 
thionyl  chloride  is  collected  and  diluted  with  the  acetone.  After  rinsing  for  2 hours,  the 
flow  rate  should  be  reduced  by  lowering  the  pressure  on  the  argon  tank  regulator  (10  psi 
or  lower).  At  this  flow  rate  the  capillary  is  flushed  for  another  10  hours. 

Next  the  capillary  surface  is  reacted  with  the  Grignard  reagent  vinylmagnesium 
bromide  to  form  alkene  groups  (see  Figure  5-1 B).  The  concentrated  solution  of  Grignard 
reagent  is  diluted  1:1  with  dry  THF.  A vial  sealed  with  a septum  is  purged  with  dry 
argon,  then  using  a gas  tight  syringe  THF  is  added.  Next,  with  another  gas  tight  syringe, 
the  Grignard  reagent  is  added.  If  salts  precipitate  while  adding  the  Grignard,  a new 
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solution  should  be  prepared  before  continuing.  Grignard  reagents  are  very  reactive  and 
care  must  be  taken  to  reduce  exposure  to  air  as  magnesium  salts  will  precipitate  from  the 
solution.  The  pressure  bomb  is  not  a viable  option  to  use  with  the  Grignard;  therefore,  to 
reduce  exposure  to  air,  a vacuum  apparatus  or  syringe  pump  should  be  employed  to  pull 
the  reagent  through  the  capillary.  When  using  vacuum,  one  end  of  the  capillary  is  laced 
through  the  septum  and  immersed  into  the  Grignard/THF  solution  while  the  other  end  is 
attached  to  a vacuum  pump  with  a trap  to  collect  any  excess  reagent.  The  vacuum  is 
applied  for  6 hours  to  insure  complete  reaction  on  the  surface  of  the  capillary.  After 
removal  of  the  vacuum,  the  end  of  the  capillary  in  the  Grignard  solution  is  placed  in  a 
vial  of  anhydrous  THF.  The  vacuum  is  reapplied  and  the  capillary  should  be  rinsed  with 
THF  for  30-60  min  to  remove  all  excess  vinylmagnesium  bromide.  Once  the  Grignard  is 
flushed  from  the  capillary,  the  capillary  is  rinsed  with  solutions  of  THF  for  20  min, 
deionized  water  for  20  min,  and  finally  flushed  with  argon  for  10  min. 

For  polymerization,  acrylamide  is  used  in  conjunction  with  ammonium  persulfate 
(APS)  and  TEMED.  During  the  THF,  H2O,  and  argon  rinses,  the  acrylamide  solution  is 
prepared.  Solutions  (10%  w/v)  of  acrylamide  and  APS  are  prepared  with  deionized 
water.  The  acrylamide  coating  solution  consists  of  1 .5  mL  of  10%  acrylamide,  50  pL  of 
10%  APS,  and  3.5  mL  deionized  water.  This  solution  is  stirred  and  degassed  for  30  min 
before  use.  Five  minutes  before  use,  5 pL  of  TEMED  is  added  to  the  acrylamide 
solution.  The  final  solution  should  be  stirred  for  5 min  and  then  placed  in  the  pressure 
bomb  to  flush  the  capillary.  The  capillary  is  rinsed  with  the  acrylamide  solution  for  10 
min  and  then  the  pressure  removed  stopping  the  flow  of  the  solution.  The  capillary  is 
allowed  to  react  for  30  min  and  then  the  capillary  is  flushed  with  the  acrylamide  solution 
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again  for  5 min.  The  flow  is  removed  and  the  capillary  should  be  left  for  another  30  min 
to  allow  time  for  polymerization.  Finally  the  capillary  is  flushed  with  deionized  water  to 
remove  all  unreacted  polyacrylamide.  The  capillary  should  be  filled  with  water  and 
stored  with  the  ends  of  the  capillary  immersed  in  water  to  prevent  any  drying  of  the 
capillary  bed.  To  create  an  optical  window,  fuming  sulfuric  is  dropped  slowly  over  the 
coated  capillary  until  the  polyimide  coating  is  removed. 

Polyether  capillary  coatings 

Generally  lm  or  more  of  capillary  with  inner  diameters  ranging  from  10-50  pm 
can  be  coated  with  this  procedure.  First  the  capillary  is  rinsed  with  methylene  chloride 
for  30  min  and  then  flushed  with  nitrogen,  argon,  or  air  for  10  min.  While  the  capillary  is 
being  rinsed,  the  polymer  solution  should  be  prepared.  All  solutions  are  prepared  in  a 
50%  v/v  solution  of  methylene  chloride:pentane.  Final  solution  concentrations  of  the 
polymer  should  be  5-15  mg/mL.  To  the  polymer  solution,  HMDS  and  dicumyl  peroxide 
should  be  added  so  the  final  concentrations  are  1 mg/mL  and  0.1  mg/mL  respectively. 

To  aid  in  dissolving  the  polymer,  a Vortex  can  be  applied  for  several  minutes.  Once  the 
solution  is  ready,  flush  the  capillary  for  several  minutes  in  order  to  fill  the  capillary.  Next 
one  end  of  the  capillary  is  pushed  through  a septum  and  the  other  connected  to  a vacuum. 
The  entire  capillary  is  immersed  into  a thermostated  bath  at  a constant  temperature  of 
40°C.  Once  the  vacuum  is  applied  the  solvent  is  evaporated,  by  observing  the  lightening 
in  color  of  the  capillary,  the  progress  of  solvent  evaporation  can  be  monitored.  Typically 
this  process  takes  10-30  min  depending  on  the  length  of  the  capillary  and  thickness  of  the 
polymer  coating.  Once  the  solvent  is  evaporated,  the  vacuum  is  removed  and  the  other 
end  of  the  capillary  is  removed  from  the  septum.  The  capillary  is  then  flushed  for  30  min 
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with  air.  The  ends  of  the  capillary  are  then  sealed  with  a propane/oxygen  torch  and  the 
capillary  is  baked  at  170°C  for  30  min.  After  cutting  the  capillary  and  before  use,  the 
capillary  is  rinsed  with  methanol,  methylene  chloride,  and  methanol  again  for  30  min 
each.  After  the  methanol  rinse  the  optical  window  is  prepared  by  removing  a small 
portion  of  the  polyimide  coating  (a  match  may  be  used  to  bum  away  the  polyimide). 
Finally  the  capillary  is  rinsed  with  deionized  water  for  30  min  and  electrophoresis  buffer 
before  being  employed  in  any  separations. 

Results  and  Discussion 
Electroosmotic  Flow  Measurements 

Electroosmotic  flow  (EOF)  suppression  is  one  characteristic  of  a capillary 
coating.  To  measure  the  EOF,  a neutral  analyte,  mesityl  oxide,  was  electrophoresed  with 
each  capillary  and  detected  via  UV  absorption  at  214  nm.  For  unmodified,  fused  silica 
capillaries,  the  EOF  is  equivalent  to  the  time  required  for  a neutral  analyte  to  travel  the 
length  of  the  capillary.  The  electrophoretic  mobility  (p.)  of  a neutral  analyte  is  zero; 
therefore,  the  EOF  propels  neutrals  through  the  capillary  in  order  to  be  detected. 

Typically  EOF  is  greatly  reduced  in  coated  capillaries  and  neutral  migration  can  be  very 
slow.  A method  developed  by  Sandoval  and  Chen  (1996)  was  employed  to  calculate  the 
electroosmotic  flow  in  the  polymer  coated  capillaries. 

To  measure  the  EOF,  a plug  of  analyte  (mesityl  oxide)  is  injected  onto  the  column 
and  the  separation  voltage  is  applied  for  a specific  period  of  time.  During  this  time,  the 
neutral  analyte  migrates  through  the  capillary  based  on  the  EOF  present;  therefore,  the 
smaller  the  EOF  within  the  capillary,  the  longer  the  separation  voltage  needed  to  be 
applied  in  order  to  move  the  neutral  marker  to  the  detector.  The  electric  field  is  removed 
and  the  separation  is  stopped.  Another  plug  of  analyte  is  then  injected  onto  the  capillary. 
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Finally  the  capillary  is  rinsed  at  a low  flow  rate  in  which  the  applied  pressure  was  0.5  psi. 
Two  peaks  should  be  detected,  in  which  the  difference  between  the  two  zones  is 
representative  of  the  electroosmotic  flow.  The  EOF  is  calculated  with  the  following 
relationship: 


Meof  = 


LI 


Vt 


i-!l 

v V *2  J 


(5.1) 


in  which  L is  the  total  length  of  the  capillary  (cm),  1 is  the  effective  separation  distance 
(cm),  V is  the  separation  voltage  (Volts),  tv  is  the  total  time  (s)  the  electric  field  was 
applied,  fi  is  the  migration  time  (s)  of  the  first  peak,  and  t2  is  the  migration  time  (s)  of  the 
second  peak. 

For  determining  the  EOF,  25  pm  i.d.  coated  capillaries  were  each  27  cm  in  total 
length  with  an  effective  separation  distance  of  20  cm.  The  investigated  columns  included 
an  unmodified  capillary,  a polyacrylamide  capillary  created  with  a siloxane  linkage,  two 
UCON  capillaries  (10  mg/mL  and  15  mg/mL),  and  a Superox  capillary  (4  mg/mL).  First 
a 10  s pressure  injection  was  used  to  inject  a plug  of  mesityl  oxide  onto  the  capillary  and 
the  electric  field  (12  kV)  was  applied  for  10  min.  After  turning  off  the  electric  field, 
another  plug  of  mesityl  oxide  was  introduced  onto  the  capillary  with  a 1 0 s pressure 
injection.  A low  pressure  rinse  (0.5  psi)  was  applied  to  the  capillary  to  push  the  zones 
past  the  detector.  The  EOF  in  each  capillary  was  calculated  by  using  Equation  5.1. 

With  a low  pFl  buffer,  40  mM  Tris-HCl  pH  4.8,  the  unmodified  capillary  was 
found  to  have  an  EOF  of  12.1  x 10'5  cm2V'ls'1.  EOF  suppression  was  observed  with  both 
UCON  capillaries  in  which  the  10  mg/mL  UCON  coating  was  determined  to  have  an 
EOF  of  6.34  x 10'5  cm2V'1s’1  and  1.09  x 10'5  cm2V'ls‘l  was  measured  for  the  15  mg/mL 
UCON  capillary,  demonstrating  the  greater  suppression  of  EOF  with  thicker  polymer 
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coatings.  The  polyacrylamide  coating  was  found  to  have  an  EOF  of  0. 1 84  x 10'  cm  V' 
's'1  nearly  two  orders  of  magnitude  lower  than  that  of  the  unmodified  capillary  (12.1  x 
10'5  cm2V'1s'1).  The  EOF  determined  for  the  Superox  capillary  (0.517  x 10‘5  cm2V'ls’1) 
was  3 times  greater  than  the  polyacrylamide  coating  (0.184  x 10'5  cm2/Vs  );  however, 
both  the  Superox  and  polyacrylamide  coatings  suppressed  the  EOF  by  nearly  an  order  of 
magnitude  greater  than  the  UCON  coated  capillaries.  The  EOF’s  determined  for  the  five 
capillaries  are  summarized  in  the  following  table. 

Table  5-1  Electroosmotic  flow  (peof ) calculated  for  each  capillary  in  a 40  mM  Tris-HCl 
buffer  pH  4.8. 


Coating 

EOF 

(cm2  V's'1) 

Unmodified 

12.1  x 10'5 

Polyacrylamide 

0.184  x 10'5 

lOmg/mL  UCON 

6.34  x 1 0'5 

1 5 mg/mL  UCON 

1.09  x 1 0'5 

4.4  mg/mL  Superox 

0.517  x 10'5 

To  investigate  the  effects  of  pH  on  the  electroosmotic  flow,  the  same  method  was 
employed  with  a higher  pH  buffer,  50  mM  Tris,  50  mM  NaCl,  5 mM  MgCL  pH  7.6.  An 
increase  in  EOF  was  measured  for  the  unmodified,  polyacrylamide,  and  UCON 
capillaries.  The  EOF  of  the  Superox  capillary  with  this  buffer  was  unable  to  be 
determined  as  the  two  neutral  zones  could  not  be  resolved  from  each  other.  The 
measured  electroosmotic  flows  were  22.7  x 10'  cm  V'  s'  , 1.94  x 10'  cm  V'  s'  , 19.8  x 
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10''  cm2V'ls'1,  and  3.38  x 10'5  cm2V'ls'1  for  the  unmodified,  polyacrylamide,  10  mg/mL 
UCON,  and  15  mg/mL  UCON  capillaries  respectively.  The  EOF  in  the  unmodified 
capillary  (22.7  x 10'5  cm2V'ls'1)  almost  doubled  at  the  higher  pH  when  compared  to  the 
EOF  measured  at  pH  4.8  (12.1  x 10'5  cm2V'1s’1).  At  the  higher  pH,  the  EOF  in  the  two 
UCON  capillaries  increased  by  a factor  of  3;  however,  the  largest  increase  in  the  EOF  at 
the  higher  pH  occurred  with  the  polyacrylamide  capillary.  At  a pH  of  7.6  the  EOF  was 
measured  to  be  1.94  x 10’5  cm2V'1s'1  and  at  the  lower  pH  (4.8)  the  EOF  was  determined 
to  be  0.184  x 10'5  cm2V'1s'1.  The  EOF  increased  an  order  of  magnitude  at  the  higher  pH, 
demonstrating  the  instability  of  this  coating  at  higher  pH’s.  Table  5-2  summarizes  the 
EOF  measured  for  the  capillary  coatings  in  the  50  mM  Tris,  50  mM  NaCl,  5 mM  MgCL 
pH  7.6  buffer  as  well  as  the  pH  effects  on  the  EOF. 

Table  5-2  Summary  of  the  electroosmotic  flow  (peof ) calculated  for  each  capillary  at 
pH’s  of  4.8  and  7.6  as  well  as  the  increase  in  EOF  with  higher  pH. 


Coating 

EOF  (4.81 

(cm2  V's'1) 

EOF  (7.61 

(cm2  V's'') 

Increase  in  EOF 
with  pH 

Unmodified 

12.1  x 10'5 

22.7  x 1 0'5 

2 fold 

Polyacrylamide 

0.184  x 10'5 

1.94  x 1 0'5 

10  fold 

10  mg/mL  UCON 

6.34  x 1 0'5 

19.8  x 1 0'5 

3 fold 

15  mg/mL  UCON 

1.09  x 1 0'5 

3.38x  10'5 

3 fold 

In  another  study,  the  EOF  of  a polyacrylamide  coated  capillary  prepared  via  a 
Grignard  reagent  was  determined  and  compared  to  an  unmodified,  fused  silica  capillary. 
Each  capillary  was  50  pm  i.d.,  40  cm  effective,  and  47  cm  total  length.  A 20  mM 
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phosphate  pH  7.0  buffer  was  employed  and  mesityl  oxide  was  used  as  the  neutral  marker. 
The  time  required  for  the  neutral  analyte  to  travel  the  length  of  the  capillary  was  used  to 
measure  the  EOF  in  the  unmodified  capillary.  Equation  5.1  in  conjunction  with  the 
method  previously  described  was  used  to  determine  the  EOF  of  the  polyacrylamide 
capillary.  At  this  pH,  EOF’s  of  60.9xl0'5  cm2V’ls'1  and  0.961xl0'5  cm2V'1s'1  were 
determined  for  the  unmodified  and  polyacrylamide  capillaries  respectively.  In 
comparison  to  the  unmodified  capillary,  the  polyacrylamide  capillary  suppressed  the 
measurable  EOF  considerably  (by  a factor  of  63). 

To  test  the  stability  of  this  polyacrylamide  coating,  which  employs  a Si-C  surface 
linkage  between  the  capillary  and  the  polymer,  the  EOF  was  measured  at  a more  basic 
pH.  With  a 89  mM  Tris,  89  mM  borate,  5 mM  EDTA,  5 mM  KC1  pH  8.3  buffer,  the 
EOF  was  determined  as  1 .78  x 10'6  cm2V’ls'1.  The  EOF  determined  at  a pH  of  8.3  was 
slightly  lower  than  that  found  previously  at  pH  7.0  (0.961xl0's  cm2V'1s'1),  which  might 
be  indicative  of  the  varying  thickness  of  the  coatings  present  on  the  capillary  surface, 
since  different  capillaries  were  used  in  the  two  EOF  measurements.  Capillary  to  capillary 
reproducibility  with  the  Grignard  reaction  scheme  was  affected  greatly  by  the  reaction  of 
the  vinylmagnesium  bromide  with  the  capillary  surface.  On  many  occasions  only  small 
volumes  of  the  Grignard  were  introduced  into  the  capillary  reducing  the  amount  of 
reagent  available  for  reaction.  If  the  vinylmagnesium  bromide  did  not  react  with  the 
capillary  surface  upon  addition  of  an  aqueous  solvent  such  as  water,  the  reactive  silanols 
would  reform  on  the  capillary  surface  and  the  acrylamide  would  not  attach  leaving 
negatively  charged  sites  on  the  capillary  walls  increasing  the  EOF  within  the  capillary. 


117 


Protein  Resolution  and  Separation  Efficiency 

The  separation  efficiency  for  proteins  is  another  method  to  compare  the 
effectiveness  of  the  polymer  coatings.  For  this  comparison,  the  capillaries  used 
previously  in  EOF  investigations  were  employed  to  separate  a protein  mixture  containing 
1.2  mg/mL  cytochrome  C,  2.2  mg/mL  lysozyme,  2.2  mg/mL  ribonuclease  A,  and  2.2 
mg/mL  a-chymotrypsinogen.  The  effective  separation  distances  were  20  cm  with  total 
capillary  lengths  of  27  cm.  The  separation  buffer  was  40  mM  Tris-HCl  pH  4.8,  and  a 2 s 
5.6  kV  injection  was  used  to  introduce  the  protein  mixture  onto  the  capillary.  For  the 
separation  an  electric  field  of  207  V/cm  (5.6  kV)  was  employed.  The  proteins  were 
detected  at  214  nm  with  an  absorption  detector.  The  number  of  theoretical  plates  is  used 
as  a measure  of  the  separation  resolution.  To  calculate  the  theoretical  plates  (N),  the 
following  relationship  was  used: 


N = 5.54 


f t V 

_ R 

VWh-h  J 


(5.2) 


where  tR  is  the  migration  time  of  the  analyte  and  Wh-h  is  the  width  of  the  zone  (min)  at 
half  height.  The  separation  efficiencies  calculated  for  proteins  are  summarized  in  Table 


5-3. 


The  summary  shows  the  low  efficiency  of  the  unmodified  capillary  for  the  protein 
separation  due  to  adsorption  on  the  capillary  walls.  Cytochrome  C was  not  well  resolved 
from  the  base  of  the  lysozyme  peak  (Figure  5-3)  so  the  efficiency  was  not  quantitated. 

All  the  proteins  showed  absorption  on  the  unmodified  capillary  and  efficiencies  of  4300, 
4400,  and  3600  plates  were  calculated  for  lysozyme,  ribonuclease  A,  and  a- 
chymotrypsinogen  respectively.  With  the  polyacrylamide  capillary  (Figure  5-4)  some 
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improvement  was  seen  in  the  separation  efficiencies.  The  cytochrome  C is  now  detected 
but  with  very  low  efficiency,  868  plates.  The  lysozyme  peak  had  considerably  lower 
efficiency  on  the  polaacryalmide  coating  with  only  506  theoretical  plates  calculated. 
However,  the  efficiencies  of  the  ribonuclease  A (32000  plates)  and  a-chymotrypsinogen 
(20000  plates)  were  considerably  improved  with  the  acrylamide  coating  relative  to  the 
unmodified  capillary. 

Table  5-3  Separation  efficiencies  of  the  protein  mixture  on  each  capillary  employing  a 40 
mM  Tris-HCl  pH  4.8  buffer  and  207  V/cm  electric  field. 


Coating 

CytC 

Lys 

Ribo  A 

a-chymo 

Unmodified 

Unresolved 

4300 

4400 

3600 

Polyacrylamide 

868 

506 

32000 

20000 

1 0 mg/mL 
UCON 

95000 

50000 

106000 

94000 

1 5 mg/mL 
UCON 

178000 

95000 

95000 

92000 

4.4  mg/mL 
Superox 

138000 

79000 

59000 

68000 

Increased  separation  efficiency  was  achieved  for  all  proteins  on  the  polyether 
(UCON  and  Superox)  coated  capillaries.  For  a 10  mg/mL  UCON  capillary,  separation 
efficiencies  were  determined  to  be  950000  plates  for  cytochrome  C,  50000  plates  for 
lysozyme,  106000  plates  for  ribonuclease  A,  and  94000  plates  for  a-chymotrypsinogen. 
Figure  5-5  shows  the  electrophoretic  separation  of  the  protein  mixture  on  a 15  mg/mL 
UCON  capillary.  Improved  separation  efficiencies  were  measured  for  the  cytochrome  C 
(178000  plates)  and  lysozyme  (95000)  with  the  thicker  coating;  however,  similar 
efficiencies  were  calculated  for  ribonuclease  A (106000  plates)  and  a-chymotrypsinogen 
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(94000  plates)  in  comparison  with  the  10  mg/mL  UCON  capillary.  The  Superox  coating 
also  showed  an  improvement  in  efficiency  for  all  peaks  in  comparison  with  the 
unmodified  and  polyacrylamide  capillaries.  Efficiencies  of  138000,  79000,  59000,  and 
68000  plates  were  calculated  for  cytochrome  C,  lysozyme,  ribonuclease  A,  and  a- 
chymotrypsinogen  respectively  on  the  Superox  capillary  (Figure  5-6). 

In  order  to  compare  the  polyether  coatings  with  those  previously  published  (Malik 
et  al.,  1993),  separations  with  longer  effective  lengths  were  investigated.  Figure  5-7  is 
the  separation  of  the  protein  mixture  on  a 15  mg/mL  UCON  capillary  with  an  effective 
separation  distance  of  90  cm  (97  cm  total)  and  an  applied  electric  field  of  258  V/cm.  The 
efficiencies  for  the  four  proteins  were  882000  plates  for  cytochrome  C,  878000  plates  for 
lysozyme,  175000,  plates  for  ribonuclease  A and  412000  plates  for  a-chymotrypsinogen. 
Malik  et  al.  (1993)  reported  effciences  of  1.2  million  plates  for  cytochrome  C,  1.1  million 
plates  for  lysozyme,  977000  plates  for  ribonuclease  A,  and  1.1  million  plates  for  a- 
chymotrypsinogen.  The  greater  efficiency  of  the  published  columns  may  be  due  to  the 
thinner  films  employed  for  the  published  capillary  separations  (UCON  concentrations 
were  0.1  mg/mL  - 8 mg/mL  compared  to  ours  of  10  and  15  mg/mL  UCON).  Also  a 
larger  molecular  weight  polymer  was  used  for  the  published  columns  (UCON  75-H- 
90,000).  This  polymer  was  not  obtainable  at  the  time  of  this  study,  so  a similar  polymer 
UCON  50-HB-5100  (a  lower  molecular  weight  UCON  polymer)  was  used. 

With  a 4 mg/mL  Superox  capillary  and  a 70  cm  effective  separation  distance  (77 
cm  total)  the  peak  efficiencies  were  374,000,  92,000,  183,000,  and  144,000  plates  for 
cytochrome  C,  lysozyme,  ribonuclease  A,  and  a-chymotrypsinogen  respectively  (Figure 
5-8).  Again  lower  efficiencies  were  calculated  for  our  columns  compared  to  those 
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previously  published  in  which  efficiencies  of  680000,  319000,  426000,  and  773000 
plates,  respectively,  were  reported  for  the  four  proteins  (Malik  et  al.,  1993).  Again  the 
thickness  of  the  coating  may  have  affected  the  efficiency  of  our  separation. 

In  order  to  demonstrate  the  effect  of  coating  thickness  on  the  separation 
efficiency,  two  15  mg/mL  UCON  capillaries  were  compared.  The  first,  which  has  been 
described  earlier,  was  prepared  with  1 5 mg/mL  polymer,  1 mg/mL  HMDS  (silanization 
reagent),  and  0.1  mg/mL  dicumyl  peroxide  (radical  initiator).  With  a 90  cm  effective 
length  separation  (Figure  5-7),  efficiencies  of  882000,  878000,  175000,  and  412000 
plates  were  calculated  for  cytochrome  C,  lysozyme,  ribonuclease  A,  and  a- 
chymotrypsinogen  respectively.  However,  by  doubling  the  concentration  of  the  HMDS 
and  dicumyl  peroxide  to  2 mg/mL  and  0.2  mg/mL  while  maintaining  the  polymer 
concentration  at  15  mg/mL,  a decrease  in  efficiency  was  measured  for  all  peaks.  With  a 
90  cm  effective  distance  (97  cm  total  length),  the  separation  efficiencies  on  this  column 
(Figure  5-9)  were  determined  as  418000  for  cytochrome  C,  47000  for  lysozyme,  218000 
for  ribonuclease  A,  and  141000  for  a-chymotrypsinogen.  The  EOF  was  also  suppressed 
more  with  the  increase  in  the  thickness  of  the  UCON  coating.  The  total  analysis  time 
was  increased  from  40  min  (Figure  5-7)  to  55  min  (Figure  5-9)  with  the  increase  in  the 
HMDS  and  dicumyl  peroxide  concentrations.  Table  5-4  summarizes  the  separation 
efficiencies  calculated  for  the  proteins  on  the  longer  effective  length  UCON  and  Superox 
capillaries. 

Though  relatively  high  peak  efficiencies  were  achieved  on  the  polyether  coated 
capillaries,  peak  tailing  was  observed  on  all  of  the  investigated  capillary  columns 
(Figures  5-5,  5-6,  5-7,  and  5-8).  The  peak  asymmetry  factor  (As)  was  determined  for  all 
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peaks  with  these  columns  to  compare  the  degree  of  peak  tailing  occurring  with  each 
coating.  As  was  determined  at  10%  peak  height  with  the  following  relationship: 

. width  of  B 

A = — (5.3) 

width  of  A 

Each  peak  was  divided  in  half  at  the  peak  maximum  in  which  the  right  zone  of  the  peak  is 
B whereas  the  left  zone  is  A.  The  peak  is  symmetrical  if  As  = 1,  if  As  >1  the  peak  is 
tailing,  and  if  As  <1  the  peak  is  fronting.  All  peaks  on  the  poly  ether  coatings  were 
determined  to  be  tailing.  Table  5-5  summarizes  the  asymmetry  factors  determined  on  the 
investigated  polyether  capillaries. 

Table  5-4  Separation  efficiencies  of  the  protein  mixture  on  each  capillary.  For 
the  UCON  capillaries  a 90  cm  effective  distance  was  used  for  the  separation.  A 70  cm 
effective  length  was  used  with  the  Superox  capillary.  A 40  mM  Tris-HCl  pH  4.8  buffer 
was  employed  for  all  separations. 


Coating 

CytC 

Lys 

Ribo  A 

a-chymo 

UCON  15  mg/mL,  1 
mg/mL  HMDS.  0.1 
mg/mL  dicumyl  peroxide 

882000 

878000 

175000 

412000 

UCON  15  mg/mL,  2 
mg/mL  HMDS.  0.2 
mg/mL  dicumyl  peroxide 

418000 

47000 

218000 

141000 

4.4  mg/mL  Superox 

374000 

92000 

183000 

144000 

Assymetry  factors  for  peaks  analyzed  on  the  unmodified  and  polyacryalamide  capillaries 
were  not  determined  since  several  peaks  were  not  baseline  resolved. 

To  characterize  the  efficiency  of  the  acrylamide  coating  produced  with  the 
Grignard  reagent,  a similar  protein  mixture  was  investigated  with  the  40  mM  Tris-HCl 
pH  4.8  buffer.  On  this  capillary  all  the  peaks  were  tailing,  indicative  of  adsorption  to  the 
surface;  therefore,  extremely  poor  efficiencies  for  the  proteins  were  observed.  Since  the 
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Table  5-5  Assymetry  factor  (As)  for  each  protein  on  the  various  polyether  coatings. 


Coating 

CytC 

Lys 

Ribo  A 

a-chymo 

10  mg/mL  UCON 
(20  cm  effective) 

3 

9 

4 

3 

15  mg/mL  UCON 
(20  cm  effective) 

2 

4 

6 

5 

4.4  mg/mL  Superox 
(20  cm  effective) 

2 

3 

4 

4 

15  mg/mL  UCON 
(90  cm  effective) 

2 

2 

12 

12 

4.4  mg/mL  Superox 
(70  cm  effective) 

3 

10 

6 

5 

separation  efficiency  was  so  poor  in  this  buffer,  the  theoretical  plates  of  the  proteins  were 
not  calculated  for  this  coating.  In  order  to  compare  the  utilized  coating  procedure  with 
that  previously  published,  a set  of  acidic  and  basic  proteins  were  analyzed  on  the 
polyacrylamide  coated  capillary.  The  capillary  (50  pm  i.d.)  was  47  cm  in  total  length 
with  a 40  cm  effective  separation  distance  and  a 10  kV  separation  voltage  was  employed. 
Cytochrome  C (1.9  mg/mL)  and  trypsinogen  (4.5  mg/mL)  were  analyzed  with  a 30  mM 
citrate  pH  2.7  buffer  (Figure  5-10).  The  separation  efficiencies  were  determined  as 
97000  plates  for  cytochrome  C and  88000  plates  for  trypsinogen,  which  coincide  with 
242000  and  221000  plates/m  respectively.  Published  accounts  report  317000  plates/m 
for  cytochrome  C and  297000  plates/m  for  trypsinogen;  therefore,  a decrease  in 
efficiency  was  encountered  with  the  experimental  procedure  described  above  (Cobb  et 
al.,  1990).  A solution  (0.2  mg/mL  each)  of  bovine  serum  albumin  (BSA)  and  a- 
lactalbumin  was  also  investigated  with  a 50  mM  borate  pH  9.5  buffer  on  the 
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polyacrylamide  coated  capillary  (Figure  5-11)  and  compared  to  an  unmodified  capillary 
(Figure  5-12).  The  calculated  separation  efficiencies  are  summarized  in  Table  5-6. 

Table  5-6  Separation  efficiencies  (plates/m)  of  the  protein  mixture  on  an  unmodified  and 
polyacrylamide  capillaries  employing  a 50  mM  borate  pH  9.5  buffer  and  213  V/cm 
electric  field. 


Coating 

BSA 

(Plates/m) 

a-lactalbumin 

(Plates/m) 

Unmodified 

45000 

180000 

Acrylamide 

80000 

93000 

As  shown  in  the  table,  only  an  improvement  in  separation  efficiency  for  BSA  was  found 
when  employing  the  polyacrylamide  coated  capillary.  Previous  accounts  utilizing  similar 
fields  and  effective  separation  distances  reported  69000  plates/m  for  BSA  and  71000 
plates/m  for  a-lactalbumin  for  the  unmodified  capillary  with  an  increase  in  efficiency 
with  the  coated  capillary  to  259000  plates/m  for  BSA  and  293000  plates/m  for  a- 
lactalbumin  (Cobb  et  ai,  1990).  Our  results  show  an  improved  separation  of  a- 
lactalbumin  on  an  unmodified  capillary  than  previously  published  and  an  actual  decrease 
in  efficiency  when  employing  the  coated  capillary.  The  improvement  in  the  BSA 
efficiency  with  our  polyacrylamide  coated  capillary  is  three  times  less  than  that  found 
previously.  The  poorer  efficiency  of  our  procedure  may  be  due  to  the  problems 
previously  mentioned  that  were  encountered  when  working  with  the  Grignard  reagent. 

Conclusions 

Adsorption  of  analytes  to  the  capillary  walls  is  a major  limitation  for  employing 
CE  separations  to  analyze  biopolymeric  molecules  such  as  proteins.  Considerable 
research  has  been  undertaken  to  reduce  adsorption  and  improve  the  applicability  of  CE 
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for  protein  separations.  This  work  has  investigated  several  capillary  coating  procedures 
and  various  polymers  for  effectiveness  in  preventing  protein  adsorption.  Polyacrylamide 
coatings  are  the  most  commonly  employed  modified  capillaries  in  which  EOF  is 
considerably  suppressed  compared  to  that  in  an  unmodified  capillary.  However, 
considerable  increases  in  efficiency  for  an  array  of  proteins  were  found  when  employing 
polyethers  such  as  UCON  and  Superox  for  capillary  coatings.  Also  the  modified 
capillary  procedure  reported  here  is  less  time  consuming  than  those  generally  employed 
for  an  acrylamide  coating  since  the  surface  derivitazation,  polymer  attachment,  and  in 
situ  polymerization  are  incorporated  into  one  step.  Previous  reports  have  used  these 
capillaries  over  a pH  range  from  2.5-7,  and  the  capillaries  should  be  stable  at  slightly 
more  alkaline  pH’s.  At  a more  basic  pH  such  as  9.5,  a chemically  stable  capillary  coating 
is  necessary  in  which  the  polyacrylamide  coated  capillary  produced  with  a Grignard 
reagent  synthesis  may  be  a viable  option.  The  Grignard  coating  procedure  is  very 
laborious  and  time  consuming,  which  may  not  be  desired  for  routine  analysis;  however, 
these  capillaries  were  found  to  be  very  stable  (1-2  months)  with  proper  storage. 
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Figure  5-1  Reaction  scheme  of  derivatization  on  the  capillary  surface  with  y- 
methacryloxypropyltrimethoxysilane  (silanization  reagent)  in  which  a Si-O-Si 
linkage  is  formed  between  the  capillary  surface  and  the  polyacrylamide  coating. 
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Figure  5-2  Reaction  scheme  of  derivatization  on  the  capillary  surface  with  vinyl 
magnesium  bromide  (Grignard  reagent)  in  which  a Si-C  linkage  is  formed 
between  the  capillary  surface  and  the  polyacrylamide  coating. 
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Figure  5-3  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a bare  capillary  with  a 40mM  Tris-HCl  pH  4.8  buffer.  The  capillary  (25  pm 
i.d.)  was  27  cm  total  with  a 20  cm  effective  length.  A 2s  5.6  kV  injection  was 
employed  and  the  separation  voltage  was  5.6  kV  (207  V/cm). 
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Figure  5-4  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a polyacrylamide  coated  capillary  with  a 40mM  Tris-HCl  pH  4.8  buffer.  The 
capillary  (25  pm  i.d.)  was  27  cm  total  with  a 20  cm  effective  length.  A 2 s 5.6 
kV  injection  was  employed  and  the  separation  voltage  was  5.6  kV  (207  V/cm). 
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Figure  5-5  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a 15  mg/mL  UCON  coated  capillary  with  a 40mM  Tris-HCl  pH  4.8  buffer. 
The  capillary  (25  pm  i.d.)  was  27  cm  total  with  a 20  cm  effective  length.  A 2s 
5.6  kV  injection  was  employed  and  the  separation  voltage  was  5.6  kV  (207 
V/cm). 
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Figure  5-6  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a 4 mg/mL  Superox  coated  capillary  with  a 40mM  Tris-HCl  pH  4.8  buffer. 
The  capillary  (25  pm  i.d.)  was  27  cm  total  with  a 20  cm  effective  length.  A 2s 
5.6  kV  injection  was  employed  and  the  separation  voltage  was  5.6  kV  (207 
V/cm). 
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Figure  5-7  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a 15  mg/mL  UCON  coated  capillary  with  a 40mM  Tris-HCl  pH  4.8  buffer. 
The  capillary  (25  pm  i.d.)  was  97  cm  total  with  a 90  cm  effective  length.  A 2s 
10  kV  injection  was  employed  and  the  separation  voltage  was  25  kV  (258 
V/cm). 
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Figure  5-8  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a 4 mg/mL  Superox  coated  capillary  with  a 40mM  Tris-HCl  pH  4.8  buffer. 
The  capillary  (25  pm  i.d.)  was  77  cm  total  with  a 70  cm  effective  length.  A 2s 
10  kV  injection  was  employed  and  the  separation  voltage  was  20  kV  (260 
V/cm). 
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Figure  5-9  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C), 
lysozyme  (Lys),  ribonuclease  A (Rib  A),  and  a-chymotrypsinogen  (a-chymo) 
on  a 15  mg/mL  UCON  coated  capillary  prepared  with  2 mg/mL  HMDS  and  0.2 
mg/mL  dicumyl  peroxide.  The  separation  buffer  was  40mM  Tris-HCl  pH  4.8. 
The  capillary  (25  pm  i.d.)  was  97  cm  total  with  a 90  cm  effective  length.  A 5s 
1 0 kV  injection  was  employed  and  the  separation  voltage  was  20  kV  (206 
V/cm). 
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Figure  5-10  Capillary  electrophoretic  separation  of  cytochrome  C (Cyt  C)  and 
trypsinogen  (tryp)  on  a polyacrylamide  coated  capillary  prepared  with  a 
Grignard  reaction.  The  separation  buffer  was  30mM  citrate  pH  2.7.  The 
capillary  (50  pm  i.d.)  was  47  cm  total  with  a 40  cm  effective  length.  A 3s 
pressure  injection  was  employed  and  the  separation  voltage  was  10  kV  (213 
V/cm). 
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Figure  5-1 1 Capillary  electrophoretic  separation  of  a-lactalbumin  (a-lac)  and 
bovine  serum  albumin  (BSA)  on  a polyacrylamide  coated  capillary  prepared 
with  a Grignard  reaction.  The  separation  buffer  was  50mM  borate  pH  9.5.  The 
capillary  (50  pm  i.d.)  was  47  cm  total  with  a 40  cm  effective  length.  A 5s 
pressure  injection  was  employed  and  the  separation  voltage  was  1 0 kV  (213 
V/cm). 


136 


Figure  5-12  Capillary  electrophoretic  separation  of  a-lactalbumin  (a-lac)  and 
bovine  serum  albumin  (BSA)  on  an  unmodified  capillary  with  a 50mM  borate 
pH  9.5  separation  buffer.  The  capillary  (50  pm  i.d.)  was  47  cm  total  with  a 40 
cm  effective  length.  A 5s  pressure  injection  was  employed  and  the  separation 
voltage  was  10  kV  (213  V/cm). 


CHAPTER  6 

SUMMARY  AND  FUTURE  DIRECTIONS 


This  work  has  focused  on  developing  noncompetitive  aptamer  CE  assays  for  use 
as  analytical  diagnostic  tools.  Buffer  composition  was  determined  to  be  crucial  in 
formation  and  detection  of  aptamer  complexes.  Aptamer  assays  for  the  proteins  thrombin 
and  IgE  were  developed  by  employing  a TGK  pH  8.4  buffer  with  unmodified  capillaries. 
The  weaker  affinity  thrombin  complex  was  bridged  with  the  free  aptamer  indicating 
complex  dissociation  during  the  separation.  However,  when  techniques  such  as  coated 
capillaries  and  polymer  gel  networks,  which  suppress  EOF,  were  implemented  to  reduce 
complex  dissociation,  no  complex  was  detected;  therefore,  the  EOF  in  the  unmodified 
capillary  was  pushing  the  complex  through  the  column  enabling  detection.  Moderate 
electric  fields  (200-600  V/cm)  were  found  to  have  little  effect  on  detection  of  the  IgE 
aptamer  complex;  however,  the  time  spent  on  the  column  greatly  affected  the  amount  of 
complex  detected.  The  largest  concentration  of  complex  was  detected  with  shorter 
column  times  (less  than  50  s)  which  were  achieved  with  short  separation  distances  (7 
cm).  With  increased  column  time,  the  aptamer  complex  concentration  was  observed  to 
decrease  due  to  dissociation. 

The  TGK  pH  8.4  separation  conditions  were  applicable  for  two  aptamers  specific 
for  proteins  (MW  34  and  200  kD).  Future  work  should  investigate  other  aptamers  with 
these  separation  conditions,  especially  aptamers  specific  for  smaller  analytes  such  as 
drugs  and  peptides.  The  electrophoretic  separation  of  the  free  aptamer  from  a drug- 
aptamer  complex  may  be  more  complicated  due  to  the  small  change  in  the  electrophoretic 
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mobility  of  the  aptamer  upon  binding  with  a small  molecule  (similar  to  noncompetitive 
assays  utilizing  antibodies).  The  TGK  pH  8.4  buffer  may  be  inadequate  for  aptamer 
assays  for  small  targets  and  separation  modifiers  (similar  to  those  developed  for 
noncompetitive  CEIA)  may  be  necessary  to  increase  the  resolution  of  the  free  aptamer 
and  complex.  Developing  assays  for  aptamer-small  molecule  complexes  utilizing  CE 
aptamer  assays  for  chemical  monitoring  may  be  possible.  SELEX  experiments  would  be 
necessary  in  order  to  develop  aptamers  for  neuropeptides  and  neurotransmitters  or  other 
biological  molecule  of  interest.  Also,  RNA  aptamers  need  to  be  investigated  as  they 
typically  have  greater  affinity  and  functionality  for  their  target  molecules.  Experimental 
conditions  and  handling  procedures  would  need  to  be  modified  to  insure  the  RNA 
aptamers  are  not  denatured  since  RNA  is  very  reactive  and  easily  degrades. 

Aptamer  diversity  and  functionality  needs  to  be  enriched  to  increase  the 
applicability  of  aptamers  as  analytical  tools.  Modified  nucleotides  are  one  possibility  for 
enhancing  aptamer  diversity  and  functionality.  A J base  aptamer  specific  for  ATP  was 
investigated  to  determine  if  any  enhancement  in  binding  of  ATP  was  achieved  by 
incorporation  of  the  positively  charged  J nucleotide  into  the  DNA  aptamer.  Though  no 
enhancement  in  binding  of  ATP  was  measured  for  the  J base  aptamer,  a novel  scientific 
achievement  was  accomplished  by  incorporating  a positively  charged  functionality  into 
an  aptamer.  Future  research  needs  to  explore  other  functionalized  bases  as  well  as 
improvements  in  aptamer  selection  conditions  in  order  to  produce  more  diverse,  possibly 
higher  affinity  oligonucleotides. 

Another  aspect  of  this  work  utilized  affinity  capillary  electrophoresis  to  measure 
the  binding  affinity  of  a DNA  aptamer  with  adenine,  adenosine,  AMP,  ADP,  and  ATP.  A 
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binding  pattern  was  observed  in  which  the  charge  state  of  the  ligand  affected  binding 
with  the  aptamer.  The  lowest  affinities  were  determined  for  ADP  and  adenosine,  which 
have  -1  and  neutral  charges  at  the  pH  employed  for  separation.  Binding  was  disrupted 
by  the  presence  of  the  -2  charges  of  AMP  and  ADP  as  indicative  of  the  lower 
dissociation  constants.  Because  of  the  weaker  interaction  of  the  aptamer  with  adenosine 
analogs  an  aptamer  LC  stationary  phase  has  been  developed  and  used  to  selectively 
separate  adenosine  analytes  collected  from  islets. 

The  final  goal  of  this  work  was  to  investigate  several  capillary  coating  procedures 
and  various  polymers  for  effectiveness  in  preventing  protein  adsorption.  Adsorption  of 
analytes  to  the  capillary  walls  is  a major  limitation  when  employing  CE  separations  to 
analyze  biopolymeric  molecules  such  as  proteins.  Polyacrylamide  coatings  are  the  most 
commonly  employed  modified  capillaries  used  in  CE  separations;  however,  considerable 
increases  in  efficiency  for  an  array  of  proteins  was  measured  for  polyether  columns. 

Also  the  modified  capillary  procedure  used  for  polyether  coatings  was  less  time 
consuming  than  that  employed  for  an  acrylamide  coating  since  the  surface  derivitazation, 
polymer  attachment,  and  in  situ  polymerization  were  incorporated  into  one  step.  UCON 
and  Superox  columns  may  be  used  over  a wide  pH  range  (2.5-7),  but  a more  chemically 
stable  coating  would  be  necessary  at  a higher  pH.  For  alkaline  pH’s,  the  polyacrylamide 
coated  capillary  produced  with  a Grignard  reagent  procedure  may  be  a viable  option; 
however,  the  coating  procedure  is  very  laborious  and  time  consuming  which  is 
undesirable  for  routine  analyses. 
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